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ABSTRACT
INVESTIGATIONS OF THE MOLECULAR HEIGHT 
FREE RADICAL AND HETAL INTERACTIONS 
OF ISOLATED AQUATIC AND SOIL FULVIC ACID
BY
STEPHEN A. WILSON
Soil and aquatic fulvic acid were isolated from a B 
horizon of a Podzol soil and the Oyster River in Lee, New 
Hampshire, respectively. The isolated materials were 
characterized initially by total acidity, functional group 
(carboxyl, carbonyl), elemental (C,H,N) and UV-visible 
spectrophotometric analyses.
The molecular weights of soil and aquatic fulvic 
acids were determined using a cryoscopic method of analysis. 
Data was corrected for the dissociation of carboxyl groups. 
Dissociation corrected number average molecular weights of 
644 and 626 were obtained for soil and aquatic fulvic acid, 
respectively.
Additional studies were performed on the free 
radical specie associated with fulvic and humic acids. 
Electron paramagnetic resonance (epr) spectra for soil 
fulvic and humic acids reveal an unsymmetric first 
derivative signal with g-values of 2.0037 + 0.0002 and line
widths of 3.3 to 5.6 Gauss, analysis of the relative spin 
concentration revealed a free radical concentration pattern: 
soil humic acid > aquatic humic acid > soil fulvic acid > 
aquatic fulvic acid.
Deoxygenated aqueous solutins of soil and aquatic 
fulvic acid were titrated with base to determine any change 
in the free radical concentration as a function of pH. The 
free radical signal showed a dramatic increase in intensity 
at pH values greater than 8. A Henderson-Hasselbalch 
equation was used to explained increases in the free radical 
concentration with pH. It was proposed that quinone and 
hydroquinone molecules interact to produce semiquinone 
molecules at high pH.
Metal-fulvic acid interactions were studied by epr 
using vanadium and molybdenum. Results with vanadate-fulvic 
acid systems revealed a 50% reduction of vanadate to 
vanadyl. The vanadyl specie at pH 2 was found to exist in a 
aquo and complexed form. Increasing the pH to 6 shifted the 
equilibrium producing only complexed vanadyl. Experiments 
on molybdenum-fulvic acid systems revealed only a 10% 
reduction of molybdenum(VI) to molybdenum(V).
Results obtained in all the studies clearly show the 
similarity of soil and aquatic fulvic acid. Evidence 
presented demonstrates that fulvic and humic acids are 
involved in environmental redox and chelation processes with 
metal ions.
INTRODUCTION
The class of compounds commonly referred to as humic 
matter have been recognized as extremely important compounds 
in a number of chemical and biological processes. Humic 
matter is found almost everywhere on the earth's surface, 
existing primarily in surface soils, but also in rivers, 
lakes and oceans. Despite the wide distribution of humic 
matter and the numerous investigations into its chemical and 
physical properties, very little is known about humic matter 
in regard to its origin or chemistry in the aquatic 
environment.
Historical
A detailed review dealing with the historical 
background of humic matter is presented by Kononova [1]. 
The initial scientific investigations on humic matter were 
performed by Wallerius and later, similar studies were 
conducted by Lomonosov £2,3]. They postulated that humic 
material originated from decomposition of plant and animal 
bodies. These initial investigations were followed by 
studies dealing with humic matter isolated from different 
geographical locations [*♦]. It was not until work by
1
Berzelius in the 1830*s that a general classification scheme 
was developed [5]. Berzelius divided humic matter into 
three general categories: 1) humic acid (HA) which was
soluble in alkaline solutions 2) humin which was chemically 
inert and 3) crenic and apocrenic acids which were able to 
complex with various metal ions. Early investigators 
considered the three fractions as chemically distinct 
compounds each with definitive properties. Investigations 
by Oden reclassified crenic and apocrenic acids as fulvic 
acids but perpetuated the belief that humic and humin groups 
were different from fulvic acid £6]. It was not until work 
by Shmuck in the early 1920*s that the artificial barrier 
between these groups was destroyed. Shmuck considered the 
three groups as a class of compounds with similar structural 
features £7]. He also initiated an investigation into 
functional groups associated with humic material and 
demonstrated the existence of ca.rboxylic and phenolic groups 
in humic substances £7]. An excellent review of more recent 
investigations into humic matter is presented by Schnitzer 
and Khan £8].
Synthes is
The Synthetic process involved in the production of 
humic acid has been the subject of much debate. A general
3review of the four major synthetic processes is offered by 
Felbeck [9]. The four processes are: a) plant alteration,
b) chemical polymerization, c) cell autolysis and d) 
microbial synthesis.
The plant alteration hypothesis suggests that dead 
plant life undergoes a decomposition process which breaks 
down only part of the plant tissue. The fraction (lignified 
tissue) resistant to microbial attack undergoes only 
superficial alteration in the soil to produce humic 
substances. The theory postulates that the nature of the 
humic matter extracted is strongly influenced by the nature 
of the original plant material. It is believed that the 
higher molecular weight fraction, humin, is the first stage 
in the humification process which then proceedes through 
humic acid, to fulvic acid and eventually to carbon dioxide 
and water.
The chemical polymerization hypothesis is based on 
the belief that dead plant materials are attacked microbally 
to yield small molecules. These molecules are then used by 
the microbes as carbon and energy sources. During the life 
cycle of the microbes, phenols and amino acids are produced 
and passed into the surrounding environment. These 
compounds then undergo an oxidation and polymerization 
process which leads to the formation of humic material. In 
this theory the nature of the starting material has no 
effect on the humic matter formed.
The cell autolysis theory involves both plant and
4microbial decomposition in humic matter formation. It is 
proposed that humic matter is the result of an autolysis 
process involving plant and microbial cells after their 
death. Resulting cellular fragments are subjected to a 
series cf condensations and free radical polymerizations 
resulting in randomly structured humic matter.
The microbial synthesis theory relies on the use of 
plant tissue as carbon and energy sources for microbes. 
Microbes then synthesize high molecular veight compounds 
intracellularly. These compounds are released to the 
surrounding environment after the death of the microbe. 
These large molecules are then subjected to extracellular 
microbial degradation. Humification is started, leading to 
the formation of humic and fulvic acids and eventually to 
carbon dioxide and vater.
These four hypotheses all represent possible 
pathways in humic matter formation. Selection of one theory 
over the others is impossible, since the actual processes 
probably involve a combination of two or more mechanisms on 
route to production of humic matter.
5Organic natter in soils and aquatic environments is 
generally assumed to be the result of chemical and or 
microbial attack on dead plant and animal material. This 
degradation process produces a variety of compounds which 
have been divided into two major groups, humic and nonhumic 
material [8]. Nonhumic substances constitute a class of 
compounds that still possess recognizable chemical 
characteristics. This class of compounds consists of 
carbohydrates, proteins, peptides, amino acids, waxes and 
other low molecular weight compounds [8].
The second class of compounds, humic matter, 
constitutes the major organic component of the soil and 
aquatic environment. These compounds are amorphous brown or 
black, hydrophilic, acidic, polydisperse substances which 
possess molecular weight ranging from hundreds to tens of 
thousands [8]. A general fractionation scheme has been 
developed based on their solubility in alkaline and acidic 
solution.
The first group humin, is not extracted by either 
acid or base. Its inertness is attributed to its strong 
interaction with inorganic soil and water constituents. The 
second group humic acid, is of lower molecular weight than 
humin and is soluble in alkaline solutions, but precipitates 
if the pH is adjusted below 2. The third group, fulvic
6acid, is the lightest molecular weight fraction and is 
soluble in both alkaline and acidic solutions. These three 
groups are structurally related differing only in molecular 
weight, elemental analysis, and functional group content. 
The classification procedure, though somewhat arbitrary, has 
been widely accepted. This fractionation procedure allows 
for a study of a particular fraction, which from an 
experimental standpoint is more suitable for investigation 
than unfractioned humic material.
Isolation
A number of extraction procedures are currently used 
for isolation of soil and aquatic humic material. Due to 
the high concentration of humus in soils, many of these 
procedures have been developed for use in the extraction of 
terrestrial humic material. Decent advances in the 
production of synthetic ion exchange resins have also 
provided methods for the extraction of aquatic humic and 
fulvic acids. The most widely used method of soil and 
sedimentary extraction is that involving dilute sodium 
hydroxide (NaOH) solutions (1%) [8]. This procedure has
been criticized on the grounds that the extracted material 
is modified £10-12]. It has been proposed that, under 
alkaline conditions, auto-oxidation of humic material may
7occur, altering the chemical composition of the material 
£13-15]. These criticisms were contradicted by later 
investigations using a variety of nonalkaline extraction 
procedures [16,17]. These later investigations showed no 
difference in the functional group content, or 
spectrophotometric characteristics of alkaline and
nonalkaline extracted materials. As a guard against any 
possible auto-oxidation, it was proposed that the alkaline 
extraction procedure be modified. Modification involved 
removal of oxygen from the extraction container by purging 
the solution with an inert gas such as nitrogen.
Investigations have also been conducted using a 
variety of organic solvents and organic-agueous mixtures. 
Bremner and Lees examined aqueous solutions of
hexamethylenetetramine, dodecylsulfate, urea, formic acid 
and phenol for the extraction of organic matter [10]. None 
of these solvents proved effective. Extraction procedures 
utilizing acetylacetone, boiling dimethylformamide and 
acetone-water-HCl have proved effective in extracting 
substantial amounts of organic matter from soil [18]. These 
extracting techniques may be suspect due to the inability of 
organic solvents to be seperated from the humic material
[23,24].
Extraction procedures have also been developed which 
utilized synthetic resins. Several investigators have used 
cation exchange resins in the extraction of humic substances 
from soil [19-21]. Investigations by Bremner have suggested
8that the extractive power of cationic resins is related to 
their selectivity for polyvalent cations [22]. Levesque and 
Schnitzer have used Dowex A-1 in both sodium and hydrogen 
forms to extract organic matter from a variety of soils 
[20]. It was found that the sodium form was more effective, 
but could not compare to aqueous alkaline extraction 
procedures in degree of sample purity.
Investigations into the nature of humic material in 
the aquatic environment has been delayed due, in part, to 
the greater accessibility of terrestrial sources, but more 
importantly* to the lack of efficient extraction procedures. 
Extraction methods using alkaline solutions would be 
inappropriate and use of organic solvents have produced low 
yields and suffers from the problems of solvent humic matter 
interaction [23,24]. As a result, attention has been 
directed towards the use of solid adsorbing materials.
A number of adsorbants such as activated carbon, 
alumina, silica gel, magnesia, and calcium carbonate have 
been used in the isolation of humic matter but have suffered 
from low extraction efficiency [25]. Low yields are due to 
difficulty in eluting humic material once it is added to the 
adsorbant [25]. It has also been suggested that chemical 
alteration of adsorbed material may occur, especially with 
activated carbon [25].
Problems associated with removal of humic matter 
from aqueous environments have been overcome by introducing 
a series of synthetic resins. One of the most widely used
9resins for removal of humic material is Amberlite XAD-1 to 
XAD-7 resins. The XAD type of resin is a macroreticular 
resin which collects neutral molecules through a Van der 
Waals type attraction £25-27]. Collected material can be 
removed from the resin using appropriate organic solvents or 
by converting collected material to an ionic form by 
altering the pH. Studies conducted on aqueous solutions of 
neutral organic compounds have revealed that XAD resins are 
extremely effective in removing trace amounts of organics 
[27]. Unlike their inorganic counterparts, however, these 
XAD resins also provided very high (>90JS) levels of recovery 
[27].
Investigations utilizing XAD resins have been 
conducted on the isolation of humic material from fresh 
water and marine environments [25,26]. In these studies 
large volumes of water were acidified to pH 2 and allowed to 
pass through columns containing XAD resin. Material 
collected was a combination of humic and fulvic acids along 
with other naturally occurring neutral compounds. Adsorbed 
material was eluted using sodium hydroxide solutions 
producing the sodium salt of humic and fulvic acid. In 
studies by Stuermer and Harvey collection and recovery 
efficiencies of XAD resins was tested on marine humic acid 
and found to be on the order of 95X efficient £26]. This 
figure was based on isolated humic material which was 
redissolved in water and processed in the same manner [26].
Use of synthetic resins and alkaline extraction has
10
enabled scientists to effectively remove substantial amounts 
of humic matter from soil and aquatic environments. With 
aquatic material, use of XAD resins has had particular 
importance in light of the high extraction efficiencies and 
lack of chemical alteration of the isolated humic material 
[25]. In investigations dealing with soil humic matter, 
alkaline extraction continues to be the method of choice, 
provided precautions are instituted in connection with the 
possibility of air oxidation.
Molecular Weight
Humic material due to its complex nature has been 
found to have molecular weights in the 500 to 100,000 range. 
Molecular weights of humic matter have been reported as 
number average (Mn) , weight average (Mw) , and Z average (Mz) 
molecular weights. An excellent review of techniques used 
in the determination of humic molecular weights is offered
by Schnitzer and Khan [8]. The review discusses the use of
ultracentrifugation. X-ray analysis, colligative properties 
and gel and ultramembrane filtration in the molecular weight 
determination of humic material. Two methods which have 
been used extensively are based on ultrafiltration and 
colligative properties of humic and fulvic acid.
Gel filtration methods have been employed by Bashid
11
and King and Kemp and ffotag, to separate weight fractions of 
humic materials from lake and ocean sediments [28-30 ]. Kemp 
and Hong showed that humic material could be divided into 3 
major molecular weight fractions*1) greater than 200*000* 2)
5,000 - 10,000 and 3) 700 or less. Similar experiments
using gel filtration were conducted by Swift* Posner and 
coworkers and Orlov* Ammosova and Glebova, on soil humic 
acid [31,32]. Their results supported previous studies and 
report humic acid molecular weights in the 10,000 to 100,000 
range. Molecular weight determinations have also been 
carried out on aquatic humic matter by Gjessing using 
ultramembrane filtration [33]. Determination of molecular 
weight using ultramembrane and gel filtration will supply 
only approximate molecular weights due to the geometric 
basis of the methods and the lack of appropriate standards 
[34]. It is possible to determine the actual molecular 
weight of humic material using methods based on the 
colligative properties of these compounds.
The use of colligative properties has been employed 
by numerous investigators to determine molecular weights of 
various compounds. Molecular weight determinations of 
compounds using colligative properties is based on the 
boiling point elevation or freezing point depression of a 
solution containing the compound in gueston. Changes in 
temperature (freezing point or boiling point) is dependent 
upon the number and concentration (molality) of particles 
present in solution irrespective of their form. The number
12
of particles existing in solution can fall between the 
conditions of negligible or total compound dissociation. 
With negligible dissociation (e.g. napthalene in benzene) 
observed data can be used directly in conventional molecular 
weight equations to determine the molecular weight for the 
compound. In experiments conducted on ionic compounds (ex. 
NaCl) a complete dissociation will occur (ideal case)
producing two particles for every one of starting material. 
In this case a correction factor of one-half must be applied 
to observed data before the observations can be used in 
molecular weight determinations. Weak acids such as humic 
and fulvic acids fall in between situations cited above.
Two studies have been conducted which take into 
account the extent of dissociation as reflected by pH. 
Using boiling point elevation techniques DeBorger and
DeBacker recorded a molecular weight of 967 + 2 1  for soil 
fulvic matter [35]. Schnitzer and Hansen also using boiling 
point elevation techniques recorded molecular weights of 952 
+ 28 for soil fulvic matter [36]. fi method proposed by 
Schnitzer and Hansen to correct for ionization appears to 
overestimate the extent of dissociation. This 
overestimation leads to molecular weights for fulvic acid 
which are too high. Determination of polymer molecular 
weights must be based on a suitable approximation for the 
number of particles in solution and an understanding of the
nature of polymeric species in aqueous solution.
Information pertaining to the appropriate method of
13
determining the correct polymeric molecular weight is 
presented by Bonnar, Dimbat and Stross [37]. They describe 
in detail the mathematical manipulations of data (both ideal 
and nonideal systems) necessary to obtain the true molecular 
weight of a compound. To determine molecular weight by 
cryoscopy the activity of the pure solvent is compared to 
the activity of the solvent in the solution containing the 
test material. The pure solvent is traditionally assigned 
an activity value of one, and the activity decreases as 
solute is added. Crypscopic techniques measure changes in 
freezing point temperature due to the change in the activity 
of the solvent. Detailed examination of the equations 
employed in freezing point calculations are given by Bonnar 
et al. [37]. A simplified approximation may be used, (eqn. 
1) resulting in the traditional equation for molecular 
weight determination
M =  1000 K W a)
w 0*
where M equals the sample molecular weight, W equals weight 
of solute, w equals weight of solvent, 0* equals freezing 
point depression, and K equals a calibration constant 
determined using a standard of known molecular weight. An 
important limitation in the use of eqn. 1 is that it only 
applies to ideal systems; i.e., systems devoid of any
14
association or dissociation effects. In nonideal systems, 
appropriate terms for K and 0 would be
where r would represent an apparatus correction. In an 
attempt to determine molecular weights for nonideal systems, 
five mathematical procedures have been devised which 
introduce into the traditional molecular weight equation the 
effect of nonideality. These are: 1) apparent molecular
weight method, 2) limiting slopes method, 3) gradient 
method, 4) first point zero method (zero point) and 5) 
divided difference method. Zero point, limiting slopes and 
divided difference methods are based on a simplification of 
the basic power series equation [37] resulting in eqn. 4
K = K* (1 + r) (2)
0 = 0* (1 + r) (3)
2 30 = aw + bw + cw (4)
15
where § is the freezing point depression, w is the weight of
further modified to account for nonzero intercept (eqn. 5).
In general due to its minor effect, the cw3 term is often 
neglected (egn. 6).
In the ideal case, one assumes that at the limit where 0 =
0, w = 0 . The zero point method corrects for this problem 
by subtracting the first set of data (01,w1) from all 
subseguent data points. One can then solve for a1 and b 
(egn. 7 and 8) .
solute and a, b and c are constants. The equation can be
(5)
2
0 = 0O + aw + bw (6)
(7)
<EZ2 EZ 4 ) -  ( E Z 3 EZ3 )
2 2 3
f e Z  6 E Z  )  - ( E Z 6  EZ )
f e Z 2 EZ 4 )  -  ( E Z 3 E Z 3 )
(8)
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Using egn. 9, one can determine a using the value of a* 
derived in egn. 7.
a = a' - 2bw^ (9)
This value of a can be substituted into the traditional 
molecular weight expression (egn. 10) to determine the 
molecular weight of the sample.
In egn. 10 K is a calibration constant obtained using a 
pure compound of known molecular weight, and Mn is the 
number average molecular weight of the solute. The zero 
point method acts to correct the observed data for the 
effect of nonideality. Mathematical expressions presented 
in egn. 7 and 8 are guadratic least sguare approximations 
for the corrected data which yield a, a*, b and 0. Similar 
results can be obtained from a graphical approximation using 
0 - 01, vs. W - Hi. This analysis yields a slope of a and 
an intercept of b. Use of the zero point theory allows for 
the effect of nonideality but does not correct observed data 
for effects of acid dissociation. As a result a separate
17
series cf approximations must be introduced which correct 
the observed data for effects of dissociation.
Free radical
Investigations concerning the free radical nature of 
humic matter have been carried out for a number of years. 
Earliest investigations were conducted by Rex during the 
1960*s £38]. He examined a wide variety of humic acid
precursors such as tannis, lignins and various hai:d and soft 
woods. He demonstrated that electron paramagnetic resonance 
(epr) spectra characteristic of humic free radical species 
persisted for a number of years. Free radicals found in 
humic matter were not present in the protolignin of plants 
nor was it necessarily the result of aging or rotting of 
wood. Rex believed that free radical species originated 
after the protolignin was polymerized into lignin by acid or 
fungal attack. Free radicals observed in humic acid 
obtained by alkaline extraction had a peak width of 6 + 2 
gauss and g-values of 2.0030 + 0.002 [38].
Rex proposed that a polymerization process can occur 
during dehydrogenation or hydrolytic degradation of plant 
tissue. These polymers classified as lignin can then form 
or react with semiquinone free radicals. This polymeric 
material can act to protect the trapped free radicals from
18
their macroenvironment and allow the free radicals to 
survive the geochemical processes of humification and 
coalification. This early work was followed by a number of 
free radical studies involving extracted humic and fulvic 
adid.
Subsequent (eprj studies into the free radical nature of 
humic substances were conducted by Steelink and Tollin 
[39-41]. Steelink and Tollin's results differed from those 
of Sex in that the signal-producing free radical species 
were found to be an integral part of the molecule and not a 
trapped moiete as proposed by Sex. In initial 
investigations conducted on solid humic acid samples the 
g-values obtained by Steelink and Tollin were close to those 
of their standard (DPPH) [39]. Osing this information they 
proposed that the free radical species were probably organic 
in nature, and judging from signal sharpness, was involved 
in a weak coupling of the unpaired electron to the 
surrounding lattice. These observations were accounted for 
by placing the unpaired electron in a delocalized “ir-type 
orbital. Studies done on solutions indicate that there was 
little interaction between the free radical and the rest of 
the molecule. The fact that the signal was sharper in 
solution than in the solid indicated that there were slight 
interactions occurring in the solid phase.
Spectra observed in both solution and solid states 
were generally unsymmetrical and composed of a principal 
peak flanked by smaller poorly-defined shoulders [39].
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Steelink and Tollin proposed that the spectra's 
unsymmetrical nature wias due to the presence of two free 
radical species [40]. Through increased resolution, 
Steelink and Tollin observed two sets of peaks both with 
similar g-values. One set of peaks had a peak to peak width 
of approximately 15 gauss (class I), the second set a peak 
to peak width of 5 gauss (class II).
Signal stability was tested using agueous and 
nonagueous solvents [40]. Similar spectra were observed in 
both types of solvents substantiating the belief that the 
free radical was an inherent part of the fulvic acid 
molecule. In agueous solutions Steelink and Tollin observed 
that the free radical signal was dependent upon the pH and 
oxygen content of the solution [40]. It was observed that 
exposure of alkaline solutions of humic acid to air led to a 
decrease in free radical signal, which was attributed to air 
oxidation of the radical. Steelink et al. concluded, based 
on temperature dependence and signal shape, that two free 
radical species were present. They postulated that one was 
a semiguinone of a catechol-resorcinol type copolymer. They 
attributed the second to a guinhydrone type free radical. 
In subsequent investivations Steelink et al. identified 
guinhydrone and quinone moieties as well as semiguinone 
radicals £41].
In an attempt to determine what chemical processes 
governed the existence of free radicals, they performed a 
series of experiments utilizing sodium metal and sodium
ethoxide (NaOEt) [41]. Sodium metal was used in a series of 
experiments dealing with the chemical reduction of humic 
acid. The tests revealed a 25 fold increase in the free 
radical signal following reduction. Additional tests using 
sodium ethoxide resulted in a free radical concentration 15 
times greater than the original sample [41]. Osing 
information obtained in the chemical reduction (Na metal) 
and proton removal (NaOEt) they postulated that the 
semiguinone anion may originate by reduction (egn. 11)
or by acid base eguilibrium (egn. 12).
O —  HO
A  0
Although para-benzoguinone structures are described here, 
Steelink et al. also suggested the presence of 
ortho-benzoguinoid moieties which could undergo similar 
reactions. Based on observation over the lifetime of the 
experiment Steelink and Tollin proposed the existence of a 
delayed reduction which occurs at a much slower rate than 
the initial conversion of the guinone species in egn. 11
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and 12. This reduction involves the conversion of 
semiguinone species to the phenolate dianion (egn. 13).
This reduction would result in a decrease in the 
concentration of free radicals existing prior to chemical 
reduction, or those produced in the early stages of guinone 
reduction (egn. 11 and 12). The existence of this delayed 
reduction was postulated based on observed oscillating 
maxima and minima in the number of unpaired electrons. The 
rapid increase in the number of free electrons was 
attributed to egn. 11. Subseguent maxima and minima were 
seen as a competition between egn. 12 and 13. Results 
indicated that free radical species were an integral part of 
the fulvic acid molecule resulting from guinone-hydroguinone 
interaction.
Work carried out by Atherton et al. [42] reaffirmed many 
of the same results presented by Steelink and Tollin [41], 
Work by Atherton et al. on soil humic acid revealed a 
degree of hyperfine splitting not present in earlier 
investigations. Spectra which were obtained for humic acid 
samples (acid boiled humic acid, ABHA) had g-values (2.00) 
and peak widths (w= 4.0 gauss) [42] similar to those of 
Steelink and Tollin [41]. Based on this information
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Atherton postulated that the signal was due to an organic 
free radical which was an integral part of the humic acid
molecule.
In a series of experiments dealing with the
reduction of humic acid, Atherton et al. obtained results
which differed from those of Steelink and Tollin [41]. In 
these experiments reduction was accomplished using sodium 
dithionite or hydrogenation with a palladium (Pd) catalyst. 
Seduction resulted in a decrease in the epr signal which was 
contrary to that observed by Steelink and Tollin. The 
increase in the signal intensity to its original level was 
accomplished by exposing the sample to air. Additional 
studies on the effect of oxygen revealed that oxygen was 
important in maximizing epr signals. Atherton et al. found 
that when dealing with alkaline solutions (0.1N NaOH) of 
ABHA the signal was reduced in intensity when excess oxygen 
was present; this is in agreement with Steelink's work
[41]. The presence of some oxygen was important however in 
that it increased epr siganl resolution. These results led 
Atherton to propose that the free radical species was a 
semiguinone type coexistent with a variety of other 
semiguinone precursors [42].
A number of papers dealing with the free radical 
content of fulvic acid have been presented by Schnitzer et 
al. [8,43,44], In these studies a variety of humic 
compounds from different locations were examined for their 
free radical content. Besults are similar to those of
previous investigators and support the conclusion that free 
radical species are similar regardless of sampling location 
or extent of humification. Raffaldi and Schnitzer [43] 
found that the humic acid free radicals have g-values on the 
order of 2.003 + 0.0003 and line widths of 6.0 + 1 gauss.
In addition they found a decrease in free radical content 
going from humin to humic acid to fulvic acid. In a more 
recent paper, Schnitzer and Senesi [44] have examined the 
effects of pH, reaction time, chemical reduction and 
irradiation on the epr spectra of fulvic acid. They 
proposed that two types of free radicals are present in 
fulvic acid; a permanent one having a long life time and a 
transient one with a relatively short life time. They 
suggest that the transient specie is susceptible to a number 
of chemical and physical effects which result in increases 
and decreases in its concentration. Their study, however, 
failed to recognize the importance of oxygen-free radical 
interactions especially when dealing with alkaline 
solutions. The oxidation of the free radical by air could 
account for many effects they attribute to the presence of 
the transient specie.
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Fulvic Acid Metal Interactions
Investigations into the role of fulvic and humic 
acid in the environment have revealed that these compounds 
are involved in a number of reactions involving metal ions 
[8]. These interactions have been described as ion 
exchange, surface-adsorption, complexation, coagulation and 
peptization reactions. All of these interactions have been 
examined in a general review by Schnitzer and Khan [8]. A 
theory which has received great support is that which 
involves fulvic acid and metal ions in a complexation 
mechanism. Support for this process has come from a variety 
of studies [8,91,93]. Investigations dealing with the 
inability of exchangeable cations such as barium 
(Ba*2) and potassium (K+) to replace all the 
copper (Cu+2) and zinc (Zn+2) adsorbed by humic matter 
is an indication that these metal ions must be retained in 
humic acid by a process stronger than coulombic attraction 
[76]. Additional evidence for complex formation, possibly 
chelation, has been obtained in studies using synthetic 
chelating agents such as ethylenediaminetetraacetic acid 
(EDTA), acetylacetone, and cupferron [76]. The synthetic 
chelating agent was able to extract metal ions from soil 
organic matter, indicating that metals bound by organic 
matter were present in complexes which were weaker than 
those involving the synthetic chelating agent.
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Due to a predominance of oxygen containing 
functional groups in fulvic and humic acid molecules [101], 
complexation theories have evolved which use as the 
chelating sites, the carboxylic acid and or phenolic
functional groups. Schnitzer, Gamble and Hoffman, proposed
that the primary binding mechanism involves a salicylic




)H M  +2H (14a)
This proposal was based on pH titration data and on 
experiments conducted using fulvic acid with blocked 
(methylated) carboxylic acid and/or phenolic functional 
groups [53]. Salicylic acid retains the metal ion in a 
stable six-member ring system. At low copper 
concentrations, the number of copper binding sites is 
related to the number of salicylic sites [78]. A second, 
weaker chelating site was also proposed by Schnitzer, Gamble 
and Hoffman [77] which involved a phthalic acid type binding 
site (egn. 14b).
i"*.rtCOOHM n t K ) l  ' M  + 2 H T (14b)m Mk:OOH
26
£ seven-member ring system results and is less favored than 
the salicylic acid site. This is reflected in the
substantial differences in the stability constants for these 
metal ligand systems [48].
This second chelating mechanism involving phthalic 
acid was found to be important, however, in studies
involving high concentrations of metal ions. Schnitzer and 
Skinner [78] observed that when high concentations of iron 
or aluminum were added to fulvic acid, more complexation 
occured than could be accounted for using only salicylic 
acid type sites. It was proposed that phthalic acid type 
sites would act as additional chelating sites in the
presence of high metal ion concentrations.
The two mechanisms proposed for the binding of metal 
ions to fulvic acid indicates that trace metal species can 
be associated with fulvic acid molecules in fairly strong 
complexes. Investigations have been conducted on a number 
of metal ions in an attempt to determine the stability 
constants of metal-humic matter systems.
£ number of traditional methods such as continuous 
variation [77-80], ion exchange, [84,85] and potentiometric 
titrations [81-83] have been used to investigate 
metal-fulvic acid complexation. Schnitzer et. al. [84,85] 
obtained stability constants for metal-fulvic systems using 
both ion exchange equilibrium and the method of continuous 
variation. The order of calculated stability constants of 
divalent first row transition metals followed that of the
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Irving-Williara series [86]. Higher stability constants were 
noted for trivalent metal ions (Fe+3, A1+3). It was
also pointed out that stability constants for metal-fulvic 
acid complexes were sensitive to pH and ionic strength. 
This sensitivity to ionic strength was later rationalized by 
Gamble [87] in experiments which examined the binding of 
sodium (Na+) and potassium (K+) ions by fulvic acid. It 
was proposed that this binding could have important effects 
when sodium or potassium salts were used as supporting 
electrolytes.
In a series of more recent investigations,
metal-fulvic acid interactions were examined using specific 
ion electrodes (SIE). The use of SIE's allows for a direct 
measurement of the activity of free metal ions in 
metal-fulvic acid, solutions. Cheam [88] and Cheam and 
Gamble [89] determined stability constants for copper
(Cu(II)), mercury (Hg(II)) and cadmium (Cd(II)). It was 
observed [88] that stability constants reported in the 
Cu (II) systems were a function of the mole fraction of 
copper. This was especially true if the mole fraction of 
copper was below 0.3.
A cadmium specific ion electrode was used by
Gardiner [90] to study cadimum(II)-humic matter
complexation. It was found that humic matter acts to
chelate most of the free cadimum making it unavailable to
naturally occurring inorganic anions such as sulfate,
♦
carbonate, chloride, or hydroxide. Furthermore, cadmium
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complexation by humic matter was found to increase with pH 
in general accord with egn. 14a and 14b.
Additional studies were conducted on mixed 
metal-fulvic acid systems £51,91]. These studies involved 
fulvic acid-metal-phosphate systems as well as fulvic 
acid-metal-organic ligand systems. In general, these mixed 
ligand systems bind the metal more efficiently than do pure 
fulvic acid systems. This was considered important, 
especially in regard to the presence of both organic and 
inorganic ligands in the environment.
Investigations were also conducted on particlulate 
humic matter-metal interaction [92,93,94]. In these studies 
it was shown that trace-metals were readily adsorbed onto 
the surface of particulate humic matter. Besults indicate 
that a complete picture of the organic matter-metal 
interaction must take into account the effect of metal 
adsorption onto particulate humic matter.
In an attempt to extend the work of model fulvic 
acid-metal systems, investigations have been undertaken into 
the complexing capacity of natural waters [95,96]. A series 
of methods were devised in an attempt to measure 
concentrations of complexing sites which are vacant or 
involved in weak complexes with metal ions. Studies 
demonstrated that the predominant number of complexing sites 
are involved in strong complexes with iron or aluminum [95]. 
This was verified by Reuter and Perdue [74], who 
demonstrated a strong correlation between dissolved organic
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matter and total iron and aluminum concentrations of natural 
waters. Gamble et al. found that complexation of iron and 
aluminum is so significant that, while a 7mg/1 solution of 
fulvic acid contains 20 micromoles/1 of potential complexing 
sites, the apparent complexing capacities are only 0-2 
micromoles/1 [77].
In addition to the metal complexing characteristics 
of fulvic and humic acid, it has been proposed that these 
acids may be involved in redox reactions with metal ions. 
Early investigations into the reducing capabilities of humic 
material demonstrated that iron (III) could be reduced to 
iron(II) in the presence of humic or fulvic acid [25-27]. 
Fe(II) Once produced was chelated by fulvic acid, hindering 
its oxidation back to Fe(III). This residual Fe(II) is a 
serious problem in the preparation of potable water.
Reducing properties of humic material were also 
believed to be the reason for high concentrations of 
vanadium in humic matter [46,47]. This high concentration 
is not expected due to the known anionic nature of vanadium 
in natural systems (VO(OH) — ) and the proposed anionic 
binding site of fulvic acid. The association between humic 
matter and vanadium was explained by assuming an initial 
reduction of vanadium(V) to vanadium (IV) and the formation 
of the cationic vanadyl complex (V0+2) [46,47]. This
conversion was supported in subsequent electron paramagnetic 
studies involving vanadium and fulvic acid [55].
additional investigations into the reducing
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properties of humic matter vere conducted using mercuric ion 
(Hg+Z) [101]. In these studies, elemental mercury (Hg) 
evolution was examined as a function of contact time with a 
humic acid sample. Results demonstrate that humic matter is 
capable of reducing 3315 of the initial mercuric ion 
concentration to elemental mercury over a 290 hr period. 
This reduction was also associated with a decrease in the 
free radical signal of the humic matter, as determined by 
epr. This decrease in free radical content was associated 
with a mechanism involving the transfer of electrons between 
humic matter and mercury.
The interactions between metal ions and humic matter 
are extremely important in environmental chemistry. 
Chelation and redox properties of fulvic acids have been 
shown to be responsible for the transportation and or 
precipitation of essential or toxic trace metals in the 
environment. Despite the number of investigations dealing 
with humic matter-metal interactions, information is still 





The aquatic fulvic acid used in all experiments was 
obtained from waters of the Oyster River in Lee, New 
Hampshire. The water was collected in fifty gallon drums. 
The dark brown water was passed through an anion exchange 
columns containing Amberlite IRA-458 or XE-279 resin in the 
OH- form (fig. 1). The water was passed through the 
columns from the bottom to prevent the problem of severe 
packing and speed the rate of fulvic acid removal. The 
water was pumped from the fifty gallon drums by pressuring 
the container with four to six p.s.i. of nitrogen. The 
water was passed through the columns until the eluent became 
yellow in color (50-100 gallons of water). The columns were 
then washed with five, two liter solutions of 2M NaCl to 
remove the adsorbed fulvic and humic acid.
The sample collected from the anion exchange columns 
was acidified to pH 2 using 16M HC1. Severe effervescence 
was observed due to the presence of dissolved bicarbonate. 
The solution was allowed to stand for 20 minutes and the 
agueous phase containing the fulvic acid decanted, leaving 
behind the precipitated humic acid. The humic acid 
precipitate was then filtered and washed on a Buchner funnel
Natural Waters
A n io n  E x c h .
r e s i n
T
EA a n d  FA
H C 1 /H F




E v a p o r a t i o n
S o l i d  H u m ic  A c id
(H A  = H u m ic  A c id )  
(F A  =  F u l v i c  A c id )
1
W a s te
. HC1
HA . HFA
C e n t r i f u g a t i o n




X A D -2
N a C l
HC1
NaFA
C a t io n  E x c h .  
r e s i n
H F A .
R o t a t o r y
E v a p o r a t i o n
L y o p h i l i z a t i o n
S o l i d  F u l v i c  A c id
F ig u r e  1 .  E x t r a c t i o n  a n d  p u r i f i c a t i o n  p r o c e d u r e  
f o r  h u m ic  a n d  f u l v i c  a c i d
33
to remove residual fulvic acid. The filtrate was added to 
the next solution removed from the anion exchange columns.
Humic acid present in decanted fulvic acid solutions 
was removed by centrifugation (20,000g's). Fulvic acid was 
seperated from residual humic acid and clay material by 
carefully decanting the solution from the centrifugation 
tubes. The centrifuged solid was added to previously 
collected humic matter.
Fulvic acid solution was added to a column 
containing prewashed XAD-2 resin (100-150 mesh). The dark 
brown fulvic acid solution was concentrated bn the resin. 
After all the fulvic acid solution had been added to the 
column, a dilute (pH = 3) solution of HCl was also added 
(approx. 25 ml) which acted as a buffer zone between the 
fulvic acid solution (pH = 2) and the eluting (1%) sodium 
hydroxide solution. The use of dilute HCl reduced the 
amount of NaCl produced during interaction of pH 2 and 1% 
NaOH solutions. This decrease in the amount of NaCl 
produced resulted in lower chloride contamination in our 
samples.
During elution with 1% NaOH the fulvic acid solution 
is eluted at an initial pH of 3. Fulvic acid was collected 
in two fractions, the first below and the second above pH 8. 
This pH cutoff was important due to the high concentration 
of Na+ and Cl- contaminants in the eluting fulvic acid 
solution below pH 8. A pH value of 8 was chosen based on 
spot tests involving silver nitrate. The fraction below pH
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8 was reacidified and added to the next batch of fulvic acid 
solution. The portion collected above pH 8 was passed 
through 1200 ml of Eexyn 101 cation exchange resin in the 
hydrogen form.
The collected fulvic acid solution was then 
concentrated by rotary evaporation and transfered to 250 - 
500 ml 24/40 round bottom flasks, and lyophilized for 24 to 
48 hours. The solid samples were removed and stored in 
glass vials.
Ash content studies were performed in duplicate 
using porcelain crucibles. All fulvic acid samples were 
weighed to + 0.025 mg and crucibles transferred using only 
stainless steel tongs. Crucibles were positioned for 
heating using heating triangles and heated using a Fisher 
burner. The heating proceeded slowly at first while the 
samples smoked (20 minutes). The crucibles were then heated 
for 15 - 20 hours at a height of 2” above the burner. After 
heating was complete the crucibles were stored in a 
desiccator and allowed to come to room temperature (8 
hours).
Initial experiments yielded fulvic acid samples with 
ash contents of 8%. This high ash content was determined to 
be NaCl by X-ray analysis and necessitated a repurification 
process involving Bexyn 101 cation exchange resin. To 
facilitate removal of residual sodium the fulvic acid 
solution was allowed to remain in contact with the resin for 
ten minutes and then eluted from the column. Solutions were
then relyophilized. Solid samples were reanalyzed for ash 
content and found to contain less than 13. The purified 
samples were ground using an agate mortar and pestle and 
passed through a 150 mesh screen.
In an attempt to purify isolated humic matter a 
purification procedure was devised based on the method 
proposed by Schnitzer [8]. This procedure involved the use 
of a dilute HCl-HF solution. A 10 g portion of soil humic 
acid was added to 400 ml of solution containing 2 ml of 
37.5% HCl and 2 ml of 49% HF. The suspension was stirred 1 
hour at room temperature* filtered* washed until free of 
Cl~* and air-dried in a porcelain evaporating dish in the 
hood.
Functional Group Analysis
Isolated fulvic and humic acid material was 
subjected to functional group analyses as proposed by 
Schnitzer and Khan [8].
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Total Acidity
Experiments dealing with the total acidity of fulvic 
and humic acid were carried out using a nitrogen purged 0.2N 
barium hydroxide (Ba (0H)2 ) solution. The solid humic 
material (0.1-0.5 g) was weighed (to 0.025 mg) and placed in 
125 ml Erlenmeyer flasks. A 20 ml aliquot of standardized 
Ba(0 H>2 was added to the solid, the flask purged with 
nitrogen and the solution stirred overnight. The solution 
was then filtered under a stream of nitrogen and the excess 
base titrated potentiometrically with 0.509M HCl. All 
titrations were performed using a Corning model 476050 
tripurpose semimicro glass membrane combination pH electrode 
and a Beckman Expandomatic S-22 pH meter.
Total Carboxyl
The concentration of carboxyl groups in fulvic acid 
was determined using a carefully prepared calcium acetate 
<Ca(0Ac)2 ) solution [8]. The fulvic acid-calcium acetate 
solution was stirred 24 hours and filtered using a Buchner 
funnel. The solution was then titrated with 0.1N sodium 
hydroxide potentiometrically to a pH of 9.8. The 
concentration of phenol groups was obtained by difference
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between the carboxylic and total acidity analyses.
Carbonyl Analysis
The analysis of carbonyl groups involved the 
addition of excess hydroxylamine to a weighed fulvic or 
humic acid sample. Onreacted hydroxylamine was then 
titrated with perchloric acid potentiometrically (using 
millivolts) and the concentration of carbonyl groups 
determined.
Spectrophotometric Analysis
The ultraviolet and visible absorption 
characteristics of fulvic and humic acids were studied using 
a Cary 14 spectrophotometer. The solutions (100 mg/1) were 
prepared in 0.1N NaOH. Spectra were recorded using 1x1x4.5 
cm guartz cells. The spectra were recorded between 300 and 
700 nm. Absorbances at 465 and 665 nm were used in the 
determination of the E4/E6 ratio for each sample analyzed 
[8 ].
NHB analyses of fulvic acid were conducted using D20 
{deuterium oxide) and DHS0-d6 (deuterated dimethyl 
sulfoxide) with THS as an internal standard. Samples were 
prepared by saturating the solvent with fulvic acid. A
portion of the sample was withdrawn using a disposable glass 
pipette and injected into a second glass pipette fitted with
a glass wool plug. The glass wool plug filtered the
solution trapping suspended material. The solution was then 
allowed to fill a 3.0 mm O.D. NHB tube to a height of 5 cm. 
The spectra were recorded on a JEOI JMN-MN 100 nuclear 
magnetic resonance spectrometer.
Eh-pH Analysis
Analyses were performed using an Orion model 96-78
combination platinum redox electrode in conjunction with an
Orion model 407 Specfic Ion meter. The redox electrode was
standardized against a carefully prepared Zobell solution as 
described by Garrels and Christ [100]. Experiments on soil
and aquatic fulvic acid were performed using concentrations
of 0.5, 1.0,1.5 g/25 ml and 0.5, 1.0 g/25 ml of respecitve 
fulvic acid samples. Solutions were prepared in 25 ml
volumetric flasks and transferred to a 150 ml beaker fitted 
with a three-holed rubber stopper. Experiments were 
conducted under aerobic and anaerobic conditions.
In experiments carried out under anaerobic 
conditions the fulvic acid solution was deoxygenated using 
water saturated nitrogen gas. a stream of nitrogen was 
passed through the solution during the titration. In 
anaerobic experiments severe foaming problems were 
encountered, especially at pH values below U. a few drops 
of an octanol solution remedied foaming problems even at 
nitrogen pressures above the typical 4 p.s.i.
Data Treatment. Each Eh potential recorded was 
corrected for the SCE reference electrode. Observed pH 
values were corrected for the effect of dilution due to 
addition of base, egn. 15.
(-antilog pH)(original vol. + vol. added base) " =[H+]0c„n
/ • • *i n \ 2 5ml(original vol.)
-log[H+] = pHcorr (15)
Corrected data was introduced into a linear regression 
program comparing Eh (y) versus pH (x). The value at pH = 0
was used as the Eh value of the fulvic acid solution. Eh 
values determined at each concentration were then compared, 
and an average Eh value determined for both anaerobic and 
aerobic conditions.
Elemental Analyses
All carbon, hydrogen and nitrogen analyses were done 
using an F and M model 185 CHN Analyzer. All the samples 
analyzed were dried at 110°c 24 hours prior to analysis.
Besults are seen in Table 1.
Molecular Weight
All solutions used in the molecular weight analysis 
were prepared using carbon dioxide-free deionized distilled 
water. Water (two liters) was boiled vigorously for one 
half hour, allowed to cool slightly, and then introduced 
into a special two liter container eguiped with a sample 
port and vent, which was fitted with a drying tube 
containing Ascarite sandwiched between glass wool and 
anhydrous calcium chloride. Compounds used as models in 
molecular weight experiments were tested for purity using a
Table 1.
Elemental Analysis, Percent Ash and 
pH of Aquatic and Soil Fulvic and Humic Acid
Analysis
Sample C H N XAsh £SI_
S-FA 53.1 3.24 0.90 0.8 1.80
OR-FA 51.1 3.62 1.13 1.0 2.08
JP (A) -FA 45.7 4.26 1.57 7.1 2.18
JP(B) -FA 41.6 4.17 1.00 3.8 2.4
S-HA 53.8 3.88 2.45 1.6
OE-HA 53.4 3.73 2.10 4.3
JP-HA 59.5 5.11 1.95 1.8
Fluka HA 57.7 4.54 0.83 1.9
S-HA2 56.4 5.8 1.6
S-FA2 50.9 3.3 0.7
1 Concentration is 10 mg/ml
2 Values obtained from previous work[8].
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melting point analysis. If significant differences in 
observed and theoretical melting points were recorded a 
recrystallization was performed using distilled ethanol or 
water.
M l  cryoscopic measurements were performed using an 
advanced Instruments Osmometer model 3W. In the cryoscopic 
measurements, a test solution is placed in a sample vial and 
the vial introduced into the instrument. The vial is 
lowered into an ethylene glycol bath and the cooling process 
started. The instrument was adjusted to a value of 5 
milliosmols (mosmols) greater than the expected final 
reading. This insured sufficient cooling of the sample.
The solution under investigation undergoes a 
supercooling process to a temperature below its freezing 
point. This supercooling temperature is monitored using 
(the light beam) a galvanometer. The supercooling process 
is carefully controlled by allowing the light from the 
galvancmetor to reach a point 20 mm to the left of the 
equlibrium position. At this point a vibrator is activated.
This internal vibration causes the simultaneous 
formation of ice crystals, the liberation of heat of fusion 
and a rise in the temperature of the sample. This 
temperature rise is followed by the movement of the 
galvanometer to the left. The galvanometer is zeroed at the 
midscale position and continually adjusted with the mosmol 
dial. The value prior to which the galvanometer drifts 
substantially to the left was recorded as the mosmol value
43
for the solution. The temperature at equilibrium is 
recorded (as mosmol) using a thermister to precisely measure 
feezing points to + 0.001®C. The temperature at which 
this change of state occurs (solution/solid) is a repeatable 
phenomenon and is related to the extent of supercooling 
which preceeds crystallization.
In tests involving model compounds, solutions were 
prepared in 25 ml volumetric flasks. Solid samples of known 
molecular weight were weighed to +0.025 mg. A series of 
weighings were performed in this manner, to produce a range 
of sample concentrations. To these samples were added 
19.895 g of prepared water using a precalibrated 20 ml 
pipette. The solids were allowed to dissolve completely 
prior to analysis. If dissolution was slow the flasks were 
sealed with Parafilm and placed on a mechanical shaker. 
After one half hour the samples were removed and ready for 
analysis.
Tartaric-succinic acid mixtures were prepared using 
a slightly different procedure. A stock solution of 
tartaric and succinic acid was prepared by weighing out 
solid samples of each acid into the same flask. The solid 
material was dissolved in 19.895 g of water. The stock 
solution was than used in a series of solutions to prepare a 
range of known concentrations. The solutions were then 
analyzed in the usual manner.
Tests conducted on fulvic acid solutions were 
complicated by slow dissolving solids. This problem was
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partially resolved by shaking the solution for six hours on 
a mechanical shaker prior to analysis. Solutions were then 
filtered through fine porosity sintered glass filters 
previously weighed to +0.025 mg. Filters were weighed after 
filtration and the difference in weight attributed to the 
presence of retained solid. The retained solid (max. 5%) 
was subtracted from the weight of the original fulvic acid 
sample. All measurements involving filters were performed 
using plastic gloves.
The acids to be analyzed were transferred to the 5 x 
1.6 cm sample vials using disposable glass pipettes. The 
pipettes were rinsed twice with test solution prior to the 
addition of sample to the sample vials. Duplicate runs were 
carried out for each sample. If replicate values differed 
by more than two mosmol a third analysis was performed. The 
average of two runs was taken as the mosmol value for the 
particular concentration.
Calibration
Prior to the analysis of model and unknown compounds 
a series of instrument calibrations were performed as 
described in the "Advanced Instruments Osmometer" manual. 
The standardization procedure involved the preparation of 
standard sodium chloride solutions. The calibration
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procedure tunes the instrument in terms of proper slope and 
intercept over the concentration range of the instrument. A 
second set of tests performed prior to sample measurements 
involved the analysis of test water. Two ml aliquots of the 
water were analyzed and the observed instrument value was 
estimated between 0 and 0.2 milliosmols.
In addition to instrument calibration using sodium 
chloride, an apparatus constant was determined using 
sucrose. Experiments used previously unopened reagent grade 
sucrose (molecular weight - 342.3). Sucrose was employed 
due to its high solubility in water as well as its lack of 
dissociation in aqueous media. Solutions were prepared over 
the expected concentration range and an apparatus constant 
of 1004 °C/m (m = molality) was determined using the zero 
point program and the known molecular weight of sucrose.
Instrument readings (corrected for dissociation) 
were introduced into the zero point program and correct 
molecular weights determined. Introduction of data into the 
zero point analysis was accomplished using two procedures. 
Method (I) involved the introduction of corrected data 
directly into the program. Method (II) involved a 
preliminary smoothing of corrected data prior to use of the 
zero point analysis.
In method (I) a great deal of emphasis was placed on 
the accuracy of the first data point. Due to this, 
fluctuations may be expected in determination of values for 
a (eqn. 10). A test for reliability of the first data
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point was devised which involved elimination of the first 
data point and use of the second data point in the zero 
point calculations.
Method II involved the use of a linear regression 
program which produced an eguation for the best fit line 
through the corrected data. This equation was used to 
obtain corrected instrument values for specific solute 
concentration,thus eliminating the substantial effect that 
the first data point has on the analysis. Smoothed data is 
then introduced into the zero point program and appropriate 
molecular weight calculated. Both methods were used in the 
determination of molecular weights for model compounds.
Free Radical
Solid fulvic acid samples used in the free radical 
studies were previously dried at 110®C in glass vials. 
Aqueous fulvic acid solutions, were prepared in volumetric 
flasks and dissolved in deionized, distilled water. Aqueous 
fulvic acid samples (anaerobic) were prepared for free 
radical analysis using a freeze-thaw technique. In the 
freeze-thaw procedure 4 ml aliquots were removed and placed 
in 10 ml Hypovials which were then sealed with rubber septa. 
The freeze-thaw cycle initially involved freezing samples in 
a Dry Ice-ethanol bath, once frozen, samples were placed in
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a vacuum desiccator and the septa pierced with syringe 
needles. Desiccator and samples were evacuated until the 
maximum vacuum had been obtained. The connection to the 
pump was then shut off to reduce the possibility of 
substantial sublimation which would alter sample 
concentration. The vacuum was released after 30 minutes by 
allowing nitrogen to enter the desiccator. The process was 
repeated twice for each group of samples. The samples were 
then allowed to warm to room temperature. The pH of the 
solution was adjusted using previously deoxygenated 2M NaOH 
(0.0-0.1 ml) in a glove bag, using a nitrogen atmosphere and 
the pH electrode system previously described. After the 
proper pH had been obtained, the sample vials were recapped 
and nitrogen passed over the solution. The samples were 
introduced into a nitrogen-purged and stoppered epr flatcell 
using sample-rinsed and nitrogen-purged 3 ml syringes. The 
samples were injected into the cell against a flow of 
nitrogen until the upper cavity was completely full. The 
sample solution was then withdrawn part way by syringe. 
This technique allowed the flat portion of the cell to be 
completely filled with solution and eliminated the problem 
of trapped air bubbles. The cell was then wiped carefully 
and introduced into the epr cavity. Analysis of the epr 
spectrum was done using a first moment analysis. 
Quantitative analyses were carried out using a Fremy Salt 
solution.
Aqueous solutions of soil and Oyster River fulvic
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acid were also subjected to epr analysis after the solutions 
were frozen using liquid nitrogen. Preliminary experiments 
carried out on aqueous solutions of the fulvic acid were 
done using a Varian E-4 epr spectrometer. Solutions of soil 
fulvic (0.10g/10ml) and Oyster fiiver fulvic (0.096 g/10ml) 
acid were adjusted to pH 11.8 and 10.8 respectively with 5H 
NaOH. Samples were injected into 3 mm O.D* guartz tubes to 
a height of approximately 5 cm. The sample tube was coated 
with a film of glycerine prior to its emergence in a Dewar 
flask containing liquid nitrogen. The quartz tube was 
lowered into the tapered portion of the Dewar flask after 
which time the tube was removed. The tapered portion of the 
Dewar flask was allowed to refill with nitrogen and the 
guartz tube reinserted* The Dewar flask-guartz tube 
assembly was inserted into the epr cavity and a gentle 
stream of nitrogen passed over it to prevent condensation of 
water vapor. The Dewar flask was positioned using standard 
Teflon inserts.
The epr parameters used throughout the experiment 
were as follows: scan range 100G (gauss), modulation
amplitude 1G, modulation frequency 1000 KHz, microwave power 
& Mw and microwave frequency 9.130 GHz (gigahertz). Similar 
experiments were conducted on an E-9 epr spectrometer using 
2 mm O.D. quartz tubes and the following epr parameters: 
scan range 1000G, time constant 1.0, modulation amplitude 
1.0G, receiver gain 4 x 103, microwave power 16dB, field 
set 12300G, scan time 16 min, microwave frequency 34.76GHz.
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The epr analysis of solid fulvic and humic acid free 
radicals was determined using an E-9 epr spectrometer.
Quartz tubes 3 mm O.D. were used in all analyses. Solid
samples were add<ed to tubes until a height of approximately
3 cm was obtained. The samples were inserted into the dual
cavity along with Strong Pitch which served as a g-value 
reference (g = 2.0028). The tubes were weighed prior to and 
after the addition of sample and the weight of the samples 
determined. Relative spin concentrations were determined by 
comparison to the Oyster Biver fulvic acid.
Investigations conducted to determine the g-values 
of the two free radicals observed at liquid nitrogen
temperatures involved the analysis of soil fulvic acid only. 
Solutions of soil fulvic acid were mixed with sufficient 5M
NaOH to adjust the pH to 11. The solutions were
deoxygenated with nitrogen for twenty minutes and then
inserted into 3 mm O.D. guartz tubes to a level of 5 cm. 
The solutions were frozen according to standard practice 
and, along with a a,a-diphenyl-b-picrylhydrazl (DPPH) marker 
taped to the outside of the Dewar, inserted into the epr 
cavity. The spectra of the frozen soil fulvic acid and DPPH 
were recorded simultaneously. As a reference to previous 
work, solid soil fulvic acid was also examined in liquid 
nitrogen and its spectra recorded versus DPPH. Both sets of 
spectra were compared to DPPH and appropriate g-values 
calculated.
The g-value analysis of the solid and frozen soil
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fulvic acid was accomplished using spectra run in the 
presence and absence of DPPH. Spectra run in the absence of 
DPPH were examined to determine the field values at 
signal-base line intersection. These field values were 
compared to the field values at signal maxima. The 
difference was used to estimate the point of signal-base 
line intersection for the free radical specie in the free 
radical-DPPH spectra.
Free radical studies were also conducted following 
controlled potential oxidation using electrochemical 
technigues. Controlled potential electrolysis experiments 
were carried out using a special five-port cell, PAH model 
174A Polarographic Analyzer, Pt electrodes and a calomel 
reference electrode. The fulvic acid solution used in the 
experiment was deoxygenated and the pH adjusted using 
deoxygenated 2M NaOH. A reference solution of soil fulvic 
acid with the same pH and concentration was run as a control 
to monitor the effect of base upon the signal. The solution 
was electrolyzed for a total of three hours at potentials of 
0.2, 0.4 and 0.5 volts versus SCE. At 25, 85, 105, and 165
minute intervals a portion of the test solution was 
introduced into a purged epr flatcell and the spectrum 
recorded. In all epr analyses duplicate spectra were 
recorded and the average of the two runs recorded as the 
value of the free radical concentration. Duplication 
involved removing the flatcell from the cavity, reinserting 
it, retuning the instrument, and rerunning the spectrum.
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Vanadium-Fulyic Acid Analysis
Vanadium-fulvie acid studies were conducted using a 
10/1 fulvic acid to vanadium molar ratio. Redox studies 
involving the reduction of vanadate to vanadyl were 
conducted using standard septum technigues. All sclutions 
requiring deoxygenation were prepared using water saturated 
nitrogen gas. Stock solutions of fulvic acid (0.67g/100 ml,
1.035 x 10-2 M) and vanadate (1.078 x 1 0~2 h) were 
prepared using deionized distilled water. Soil fulvic acid 
solutions (10 ml, pH=2) were deoxygenated for approximately 
20 minutes with nitrogen prior to addition of 1 ml of 
vanadate solution. Due to severe foaming during purging, 
the nitrogen flow was alternated between a position above 
and below the solution surface as foaming dictated. The 
vanadate and fulvic acid were allowed to react and sampled 
at specfic time intervals. Samples from two experiments 
were removed for analysis at 35, 160, 225 and 45, 150, 165 
minute intervals respectively. Samples were removed from 
the reaction vessel using nitrogen purged 3 ml sysringes, 
and were prepared for epr analysis using previously 
described procedures.
The flatcell was positioned in the epr cavity using 
appropriate flatcell holders. The E-4 was tuned and the 
vanadyl spectrum recorded. The flatcell, once positioned, 
was not moved during the entire analysis. Standards were
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run prior to and after the sample analysis. Repetitive 
analyses of standards removed and reinserted into the epr 
cavity revealed a signal intensity of +1%. The effect of pH 
on the vanadyl signal was ascertained by using stock 
solutions of vanadyl sulfate (3.417 x 10-2 M) and soil 
fulvic acid (0.697g/100ml,1.081 x 10~z M). The pH 
adjustments were carried out in a special five-port 25 ml 
Erlenmeyer flask. In the first study, samples were removed 
for analysis as the pH of the vanadyl-fulvic acid solution 
was increased from an initial value of 2.1 to 6.0 using 
deoxygenated 5M NaOH. In the second study the pH of a 
vanadyl-fulvic acid solution was increased nitially using 
NaOH. The pH of the solution was then lowered using 5M 
sulfuric acid and samples removed for analysis. The maximum 
amount of base and/or acid used to adjust the pH to the 
desired level was 0.6 ml. In the two studies soil fulvic 
acid solutions (15 ml) were deoxygenated for 20 minutes 
prior to the introduction of the vanadate solution. The 
solution, when adjusted to the appropriate pH, was sampled 
using standard syringe techniques.
The power saturation study employed the flatcell and 
the anaerobic sampling techniques previously described. 
Fulvic acid-vanadate solutions were injected with sufficient 
base to adjust the pH to 12 (0.3 ml of 5H NaOH). The epr 
cell was filled with the solution and inserted into the epr 
cavity. The signal was recorded at power levels of 2, 5, 
10, 20, 50, and 100mff. A similar study was performed on a
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solution containing soil fulvic acid only using identical 
power levels.
The redox properties of fulvic acid were measured 
using an Orion model 96-78 platinum combination electrode 
and a Corning model 407 specfic ion meter. The electrode 
system was calibrated using a freshly prepared Zobell 
solution as described by Garrels and Christ [100] (0.003H
potassium ferricyanide, 0.003M potassium ferrocyanide, and 
0.-10M potassium chloride). The potential of the soil fulvic 
acid solution was measured prior to and after the addition 
of vanadate ion. The epr spectrum of the vanadyl-fulvic 
acid system was recorded and the amount of vanadyl 
determined using appropriate standards.
Molybdenum-Fulvic Acid Analysis
Reduction experiments involving molybdenum and
fulvic acid were conducted using a 10/1 mole ratio of soil
fulvic acid to molybdenum. Stock solutions of
molybdenum (VI) (3.4 x 10~2 M) and soil fulvic acid 
(0.28g/100mlr 4.4 x 10~3 M) were used in all quantitative
work. A series of molybdenum(V) standards were prepared 
from a stock molybdenum(V) solution (molybdenum 
oxopentachloride) using the synthesis described by Pescock 
and Sawyer [102]. The concentration of the Mo(V) stock
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solution was determined using a standardized eerie sulfate 
solution and a ferroin indicator.
Two studies were conducted to test for the effect of 
pH on the reduction of molybdenum(VI) to molybdenum(V). The 
first study was performed at the natural pH of 
molybdenum-fulvic acid solutions (pH = 2). The second study 
was carried out anaerobically at pH 6 using a glove bag.
Seduction was followed using a modification of the 
procedure proposed by Chasteen et al. [58]. A solution of 
molybdenum(VI)-fulvic acid was prepared and aliquots (4 ml) 
removed for analysis at specfic time intervals (0.5, 1.0, 
2.0, 9.0, hours). Four ml aliquots were transferred to 
50 ml Erlenmeyer flasks, to which was added 4 ml of 
deionized distilled water, 2 ml potassium thiocyanate 
solution ([ SCN-] = 23% w/v), 1 ml HCl (16M), and 10 ml of
isoamyl alcohol. The flasks were sealed, shaken vigorously 
for 30 seconds, and then filtered immediately using a 
Buchner funnel. The two phases were allowed to separate for 
10 minutes, from the start of mixing. After the two phases 
had separated, a 2 ml aliquot of the nonaqueous phase was 
removed using a disposable glass pipette. The 2 ml 
nonaqueous phase containing the molybdenum(V) thiocynanate 
complex was then passed through a second glass pipette 
fitted at the tapered end with a plug of glass wool. The 
2 ml sample was collected in a 125 mm x 25 mm test tube 
which was sealed to prevent evaporation. This organic 
aliquot was transferred to an epr tube one half hour prior
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to analysis.
The guartz tube containing the molybdenum(T) 
thiocynate complex was inserted into the epr cavity one hour 
after the start of mixing. The 0.3 mm 0.0. guartz tube 
containing the solution was inserted into the epr cavity 
using Teflon inserts, which assured the reproducible 
positioning of the tube.
The spectrometer was tuned and operated at 200 mW 
for two minutes to allow the temperature of the sample to 
stabilize prior to analysis. The spectrometer was then 
operated using a 100 mW power level, 16 G modulation
amplitude, 9.522 microwave freguency, 1000 G scan range, 3.0
second time constant, 1 hour scan time, 3500 G field setting 
and a gain on the order of 8.0 x 102. The molybdenum 
thiocynanate complex possesses a seven line spectrum due to 
the three major isotopes of molybdenum (Mo-95,97, 1=5/2;
Mo-96, 1=0, I=nuclear spin). The central peak (Mo-96) of
the molybdenum spectra was used in all analyses. Standards 
were run prior to and after each day’s analyses.
Molybdenum (V) standards were prepared for analysis 
using the same stock solutions of thiocynanate and 
hydrochloric acid. The stock molybdenum(V) solution 
prepared earlier was used to create a series of 
molybdenum(V) concentrations bracketing the expected range 
of molybdenm(V) concentration in the reduction studies. 
Four ml aliguots of the various molybdenum(V) stock 
solutions were added to 4 ml of soil fulvic acid solutions.
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This was followed by the addition of 4 ml of SCN- solution, 
1 ml of 16M HC1 and 10 ml of isoamyl alcohol.
Solutions used in the extraction procedure were 
dispensed from prelabeled pipettes. These pipettes were 
used in all molybdenum analyses. The pipettes were 
acid-washed, rinsed with copious amounts of deionized water, 
and oven-dried prior to each day's experiments.
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RESULTS AMD DISCUSSION 
Isolation. Functional Group Analysis. Spectral Analysis
Isolation
Isolation of aquatic humic and fulvic acid involves
the use of a novel isolation technique, which utilizes
cation exchange and anion exchange as well as 
molecular-adsorbing resins [103]. Holecular-adsorbing 
resins (Amberlite XAD-2 to XAD-7) are the key to isolation 
and can be used for the large scale isolation of humic
materials from water. XAD resins are well suited for the 
isolation of humic material due to their low cost and 
excellent recovery levels of adsorbed solutes [25]. The XAD 
resins are hydrophobic polystyrene resins which adsorb 
molecular solutes by van der Waals forces [25].
These resins have been used in numerous studies 
involving the isolation of neutral organic compounds as well 
as humic acids [25.26]. The use of XAD resins in fulvic 
acid isolation studies has involved acidification (to pH 2) 
of large amounts of ocean or fresh waters. This
uneconomical method collects both humic material and 
naturally occurring neutral compounds. Inclusion of neutral
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compounds in the fraction called "humic material" will 
complicate investigations dealing with the chemistry of 
humic material.
Extraction methods involving XAD resin are based on 
the known acidic properties of humic and fulvic acids [8]. 
Since fulvic acids (HFA) are fairly strong acids with 
average acid dissociation constants of 4 x 10- 3 (Ka1) and 
2 x 10- s (Ka2), the acid dissociation equilibrium can be 
shifted to yield the molecular form of fulvic acid if the pH 
is lowered to below pH 2 (eqn. 16).
HA H+ + A" (16)
In the molecular form (HFA at pH = 1) fulvic acid will be 
adsorbed onto the XAD resin. The removal of fulvic acid is 
accomplished by eluting with NaOH (98% recovery) or a mixed 
solvent system (aqueous-methanol-lM ammonia, 91% recovery) 
[25].
Isolation in this study involved a three-stage 
process [103](Fig. 1). In the first stage fulvic acid
(HA~) from natural waters (pH 6.5) was isolated using anion 
exchange resins. The use of the anion exchange resin 
prevents isolation of naturally occurring neutral molecules. 
In the second stage, fulvic acid removed from the anion 
exchange columns was separated from its 2H NaCl extracting
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solution using the XAD-2 resin. This use of the XAD-2 resin 
resulted in a three-fold concentration of the isolated 
fulvic acid solution and also removed substantial amounts of 
sodium and chloride ions which are a serious contamination.
The fulvic acid solution eluted from the XAD-2 
column was added immediately to the cation exchange resin to 
prevent the air oxidation of fulvic acid at high pH [10-12]. 
Contamination due to the presence of NaCl in the eluted XAD 
solution resulted in the formation of HCl after the solution 
was passed through the cation resin. The HCl contamination 
was reflected in the pH of the eluted solution which was 
lower (pH 1-2) than that for HCl free solutions (pH 2-3).
Minor levels of the HCl contamination were tolerated,
however, based on tests which revealed that small amounts of 
HCl could be removed during the lyophilization step.
Functional Group Analysis
Analyses conducted on our isolated soil and aquatic 
humic material reveal that fulvic acids have a greater 
concentrations of oxygen containing functional groups than 
humic acid. The higher concentration of oxygen containing 
functional groups in fulvic acid compared to humic acid 
correlates very well with results from other investigators
[8]. Functional group analyses for our study and others are
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seen in Table 2.
An examination of Table 2 shows that there is a 
substantial difference in total acidity values between 
fulvic and humic acid. This difference is due primarily to 
a substantially higher concentration of carboxyl groups in 
fulvic acid. A possible explanation for higher carboxyl and 
total acidity values for fulvic acid is based on the known 
lower average molecular weight of fulvic acid samples [8]. 
Total acidity and carboxyl values, but not phenol OH values, 
would increase as humic acid esters hydrolyze. In the 
hydrolysis reaction nonacidic ester groups (-COOB) break 
down into aromatic acids and alcohols (egn. 17).







In agreement with this theory, alcohol (ROH) values are 
generally higher in fulvic acid than humic acid [8].
Summary. The results in Table 2. clearly
demonstrate that soil and aquatic humic material are similar 
in regards to their functional group composition. Higher
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Table 2.
Organic Functional Group Analysis 
of







S-FA 13.4 8.2 5.2 3.5
0
 
» 1 > 10.6 6.3 4.3 4.3
JP (A) -FA2 9.6 8.1 1.5 6.2
JP (8) -FA3 10.5 7.6 2.9 7.4
S-HA(C)♦ 8.1 4.5 3.6 3.0
OR-HA 8.2 4.5 3.7 4.3
JP-HA 7.1 4.9 2.2 5.1
Fluka HA 7.1 4.2 2.9 5.7
1 Abb: meq/g, milliequivalents per gram; Sf soil; FA,
fulvic acid; HA, humic acid; OR, Oyster River; JP, Jewell 
Pond; C, Conway, N.H.
b. Difference between total acidity and carboxyl values
2 JP(A)-FA is fulvic acid extracted from Jewell Pond using 
an acetone extraction technique])103]
3 JP(B)-FA is fulvic acid extracted from Jewell Pond using a 
butanol extraction technique[103]
4 S-HA (C) is humic acid isolated from soil and purified 
using a HCl-HF treatment
62
concentrations of oxygen containing functional groups in 
fulvic acid is arrived at by hydrolysis of humic acids. 
This higher concentration of carboxylic and phenolic 
functional groups in fulvic acid is also important in light 
of "the known chelating ability of fulvic acid [8].
Ultraviolet-Visible Spectrophotometric Analysis
Ultraviolet-visible spectrophotometric analysis of 
our fulvic acid solutions revealed essentially featureless 
spectra whose absorbance continually increased towards the 
ultraviolet. Similar spectra have been observed by previous 
investigators [8]. Spectra were recorded using dilute 
solutions of humic material dissolved in 0.1ft NaOH. 
Absorbtivity values of various humic materials are listed in 
Table 3# and range from 0.0032 ppm-* cm-* for 
Oyster Biver fulvic acid to 0.0074 ppm-* cm-* for 
Fluka humic acid. These values correlate with data 
presented by Orlov which showed absorbtivity values between 
0.004 and 0.011 ppm“ * cm-* for humic acids extracted
from a variety of soils [104].
Additional information pertaining to the 
characterization of humic material was obtained in 
experiments dealing with the E4/E6 ratio, the absorbance 
ratio at 465 nm and 665 nm. The E4/E6 ratios in Table 3.
Table 3.
Spectroscopic Properties of Aquatic and Soil 
Fulvic and Humic Acids*
Absorbances3 conc. Absorptivity3
Sample 465 665 E4/E6 iEESL x103
Ofi-FA 0.30 0.030 10 95 3.2
S-FA(C) 0.35 0.040 8.7 103 3.4
OR-HA 0.49 0.080 6.1 143 3.4
S-HA(C) 0.45 0.067 6.7 97 4.7
Fluka HA 0.86 0.169 5.2 116 7.4
1 See Table 1. for abbreviations
2 wavelength measured in nanometers
3 absorptivity units (ppm-1 cm-1)
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range from a high of 10 for Oyster Biver fulvic acid to a 
lov of 5.2 for purchased Fluka humic acid. Results from 
other investigators reveal values of 2 to 5 and 6 to 10 for 
humic and fulvic acids respectively [1r8#105].
Radiocarbon dating [106] and a variety of other 
studies [8] indicate that the E4/E6 ratio is directly 
proportional to the extent of humic matter decomposition. 
High values of the E4/E6 ratio are indicative cf a low 
degree of condensation of aromatic substances. Osing this 
criterion fulvic acids are expected to possess higher E4/E6 
ratios which correlates with our observed data. Oyster 
River fulvic and humic acids exhibit higher E4/E6 ratios 
than typical soil fulvic and humic acids. This indicates 
that aguatic humic material undergo either a different 
degradation process or a subsequent decomposition resulting 
in a lower degree of condensation compared to soil humic and 
fulvic acids.
Summary. The E4/E6 ratio is an additional method by 
which one can differentiate the various forms of naturally 
occurring humic material. Results indicate that the larger 
the E4/E6 ratio the lower the extent of aromatic 
condensation. These ratios are also useful in 
differentiating humic acid (low E4/E6 values) from fulvic 
acids (high E4/E6 values) and may also be extended to 
differentiate between aquatic and soil humic matter.
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Eh-pH
Studies conducted by various investigators show that 
humic matter is involved in a series of redox reactions with 
metal ions [h6,98]. In these studies it was proposed that 
the metal ion in guestion would undergo a reduction in the 
presence of fulvic acid, followed by a chelation process. 
In an attempt to determine whether soil or aquatic fulvic 
acid could possess similar redox properties a series of 
experiments were conducted involving pH and redox
measurements.
The experiments, (Eh-pH) were modeled after those 
conducted by Szilagyi et al. [h6,98], in which the 
potential measurements of a humic acid sample were recorded 
during a titration with base. Unlike Szilagyi*s 
experiments, however, solutions rather than suspensions were 
prepared for analysis.
Potentials of fulvic acid solutions were measured 
over a pH range of 2 to 9. Experiments were conducted under 
aerobic and anaerobic conditions to test for the effect of
air on the redox properties of fulvic acid. Data was
accumulated using different concentrations of aquatic and 
soil fulvic acid. Eh values were converted to Eh° at
pH = 0 using a linear regression analysis of the Eh vs. pH 
data.
Results for soil and aquatic fulvic acid samples are
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presented in Table 4. Average Eh values for the aerobic and 
anaerobic systems (at pH = 0) were determined using the Eh 
values at the various concentrations. The soil fulvic acid 
samples had Eh values of +493 mv and +507 mv for the aerobic 
and anaerobic solutions respectively. Aquatic fulvic acid 
solutions vere found to have Eh values of +505mv and +488mv 
for the aerobic and anaerobic solutions respectively.
The Eh values obtained in these experiments are 
lover (0.5V) than those recorded by Szilagyi et al. (0.7V) 
[46,98]. This difference in the Eh values may be due to tvo 
factors; a) differences in the redox properties of humic 
and fulvic acids or b) the different nature of the tvo test 
solutions (suspension vs. solution). Szilagyi, using the 
Eh value of 0.7V, postulated that humic acid could be 
involved in a series of redox reactions with metals systems 
possessing redox potentials on the order of 0.7V or greater. 
This has been supported by Theis and Singer vho noted that 
fulvic acids may retard the oxidation of iron (II) to (III) 
in water treatment facilities [97]. The lower Eh values 
obtained in our studies would support the observations of 
Szilagyi and Singer, but more importantly, include a greater 
number of metal ion species which could react with fulvic 
acid.
Table 4.
Reduction Potentials of Aquatic and Soil 
Fulvic Acids
Aquatic Fulvic Acid Soil Fulvic Acid
pH Eh (volts) pH Eh (volts)
0.00 0.491 0.00 0.51»
2.89 0.40 2.92 0.39
4.20 0.34 3.84 0.34
4.89 0.32 5.02 0.29
5.64 0.30 5.71 0.28
6.76 0.26 6.90 0.25
1 extrapolated values at pH= 0.00
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Molecular Weight
Molecular weight determination of isolated fulvic 
acid required a modification of the traditional molecular 
weight equation (eqn. 1). This modification is necessary 
due to dissociation of weak acids in aqueous solutions . In 
systems involving weak acids there is a partial dissociation 
of the acid as described in (eqn. 16). This partial 
dissociation results in additional acid species being 
present in solution (eqn. 18).
Total Particles = Ct + [H ] (18)
Where Ct is equal to the total concentration of acid and 
[H+] is the concentration of ionized protons. It is 
possible to determine the total concentration of species in 
solution using alpha (a), the degree of dissociation. In 
general terms, the degree of dissociation for a monoprotic 
weak acid is seen in (eqn. 19).
a - [Dissociated Specie]
[Total Acid]
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In cases other than infinite dilution the value of alpha is 
less than one. Using this terminology, egn. 18 can be 
modified to account for acid dissociation and the 
concentration of each individual specie calculated in terms 
of the total concentration of acid (Ct)( egn. 20).
Using eguations developed by Hichaelis [108] and Fernado and 
Freiser [107] one can determine alpha, knowing the
dissociation constant of the acid and the pH of the 
solution. The expression for the degree of association i.e. 
the fraction of acid that has not undergone dissociation can 
be expressed as a*.
H+ + A
(20)
Ct(l-a) Cta + Cta
a*
1 (21)
Once a* is obtained the value of a' (a' = [A“*]/(Ct)) can be
calculated for the dissociated fraction of a monoprotic acid 
(egn. 22).
a' = (a*) (22)
[H ]
Determination of a's can be extended to polyprotic systems 
where the general expression for a is (egn. 23).
a = Kal x Ka2 x Ka3 x . . . . Kan a* ^ 3)
n [H+P
Determination of total acid concentration (Ct) is 
possible using observed pH and appropriate charge and mass 
balance eguations, neglecting the presence of hydroxide ion 
due to the dissociation of water. The resulting expression 
for a monoprotic acid is.
[H+] + Kal[H+] - KalCt = 0 (24)
In a diprotic system, estimation of Ct must involve the 
effect of the second acid dissociation (Ka2). The
expression becomes (egn. 25).
[H+]3+Kal[H+]2+(Kal*Ka2-KalCt)+(2[H+]-2Kal,Ka2*Ct) = 0 (25)
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Following the determination of alpha and Ct these values can 
be used to formulate a correction factor which takes into 
account the effect of dissociation on the observed data.
Model compounds used in the molecular weight study 
were generally dicarboxylic acids. As a result, eguations 
were devised to take into account both the first and second 
acid dissociation constants of the acid. The charge balance 
expression for a diprotic acid is expressed as (eqn. 26),
[Hf] = [HA-] + 2 [A-] (26)
neglecting the minor contribution of hydroxide ion. One can 
express (eqn. 26) in terms of alphas based on (eqn. 22) 
yielding (egn. 27)
[H+] = (Ct)a' + (2Ct)a" (27)
where af and a11 are the alpha values for the first and 
second acid dissociations respectively. The mass balance 
expression can also be formulated for a diprotic case (eqn. 
28).
Ct -= [H2A] + [HA-] + [A-2] (28)
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Using the proper substitution one can express (egn. 28) in 
terns of alphas (egn. 29).
The total number of particles can be expressed in terms of 
alpha by combining egn. (18) and (29) to yield (egn. 30).
The effect of dissociation on the number of particles in 
solution is represented by 1 + a* + 2a** and observed data 
is corrected for dissociation using (egn. 31).
An identical expression utilizing experimentally measureable 
parameters is (egn. 32) .
Ct. = (Ct)a* + (Ct)a’ + (Ct)a" (29)
Total Particles = Ct(l + a ’ + 2a") (30)
0corr (32)
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Once a correction for dissociation has been achieved data 
can be analyzed using the proposed zeropoint method. 
Calculated molecular weights of model compounds are very 
close to theoretical molecular weights (Table 5). The mean 
deviation from the actual values was 2.4 %.
Molecular weight determination of fulvic acid is 
complicated by the presence of ionizable carboxylic 
functional groups. As a result, a correction must be 
introduced in order to obtain a correct molecular weight for 
fulvic acid. Investigations into the acid properties of 
fulvic acid have been conductd by Gamble £111,112]. His 
investigations have demonstrated that the fulvic acid 
molecule is composed of two types of acid groups. The first 
group is carboxylic acids which have pKa's between 2 and 5. 
The second group is phenols which have pKa's between 9 and
11. Carboxcylic acids were further divided by Gamble into 
two subgroups, which classified type I acids (the strongest) 
as those adjacent to phenol groups and type II acids as the 
remaining carboxylic acid functional groups. Gamble
determined dissociation constants for the acid sites using a 
background electrolyte, and found that they increased with 
decreasing pH. At the lowest pH studied, Ka1 for type I
acids was 4.7 x 10-3 (pH 2.66) and Ka1 for type II 
acids was 3.2 x 10~s (pH 3.57) [111,112].
Gamble's investigations, coupled with observations 
in this lab, resulted in a proposed fulvic acid molecular 
model which approximated fulvic acid as a combination of
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Table 5.
Molecular Weights of Soil and Aquatic Fulvic Acids 
and Model Compounds
Theoretical Experimental % deviation from 
Compound Molecular Wt. Hn(corr) Theoretical Value
Dextrose 180 180 0.0
Ethleneglycol 62 65 +4.5
L-Ascorbic
Acid 177 181 +2.2
Succinic
Acid 118 118 0.0
Tartaric
Acid 150 152 +2.0
Oxalic
Acid 90 94 +3.3
Trimellitic
Acid 211 201 -4.1
Benzenepenta-
carboxylic Acid1 298 300 +0.7
Tartaric-Succinic





1 Calculations based on data from previous investigations^ 36]
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type I and type II carboxylic acids. The acid dissociation 
constants for the carboxylic acids were estimated using 
Gamble's data. The acid dissociation constants for type I 
and type II acids were 8.9 x 10~3 and 1.00 x 10-*,
respectively. This selection of acid dissociation
constants was justified based on the similarity of soil and 
aquatic fulvic acid.
Concentrations of type I and type II carboxylic 
acids were obtained by pH titration [109]. The 
concentrations of type I and type II carboxylic acids for 
aquatic fulvic acid were 3.0 x 10~3 equiv/g and 
2.9 x 10~3 equiv/g, respectively. The concentrations 
of type I and type II carboxylic groups for soil fulvic acid 
were 3.7 x 10~3 equiv/g and 3.0 x 10~3 equiv/g 
respectively.
Based on the proposed model for fulvic acid it was 
believed that the polyprctic model for fulvic acid was 
inappropriate, as a result, a method of data analysis using 
a mixture of two monoprotic acids was devised. The 
equilibrium equations for a mixture of two monobasic acids 
can be expressed using eqn. 33 and 34.
HA(I> H + A" (I) (33)
HA(II) .==^ H+ + A-(II) (34)
It is apparent from eqn. 33 and 34 that the total number of 
particles in solution is based on the dissociation of each 
acid. As in polyprotic model compounds, dissociation is 
reflected in the pH of the solution. Using pH, the 
concentration ratio of the two acids (C(I)/C(II) = R) [109] 
and acid dissociation constants, one can arrive at a 
concentration value for each acid (eqn. 35 and 36).




Where C(I) and C(II) are concentrations of type I and II 
acids, R is the concentration ratio (C(I)/C(II) = 1.03 ORFA,
1.02 SFA) of the acids and Ka is the first acid dissociation 
for the acids. The total number of particles in solution is 
expressed in eqn. 37.
Total Particles = C(I) + C(II) + [H+] (37)
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Through proper substitution one can arrive at the total 
number of particles per total moles of acid (egn. 38).
rH+]
Total Particles = 1 +   (38)
CCI) + C(II)
As in the case of model dibasic compounds the observed data 
can be corrected for dissociation (eqn. 39).
0obs
9 = ~  EiFi ( 3 9 >
CCI)tC(II)
The mixture model was tested using a solution 
composed of tartaric acid ((HA(I)] = C(I)) and succinic acid 
([HA(II) ] = C(II)). The ratio value H (1.55) to be used in 
egn. 35 and 36 was determined from carefully measured 
concentrations of the tvo acids. Despite ignoring the 
second dissociation step of these dibasic acids the 
theoretical molecular veight of 138 compared very favorably 
to our observed value of 142.
Analysis of corrected fulvic acid data yields 
molecular weights of 644 + 50 and 626 + 20 for soil and
aquatic fulvic acids respectively. Based on small errors in 
the accuracy of calculated molecular weights for model
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compounds and the soundness of the theoretical approach, 
calculated molecular weights of 644 and 626 are considered 
reliable for isolated soil and aquatic fulvic acids.
As additional support for the mixture method of 
analysis, data presented by Hansen and Schnitzer for the 
molecular weight determination of fulvic acid was also 
analyzed [36]. Their apparatus constant (K) (70.75 Kg
ohm/g), pH, observed instrument readings and Ka values 
determined by Gamble were used. Using these values and our 
method of correction a recalculated molecular weight of 615 
was obtained. This compared favorably to our soil fulvic
acid molecular weight of 644.
Summary. Molecular weight measurements for a number 
of model compounds as well as isolated soil and aquatic 
fulvic acids is reported using a series of equations 
designed to correct for the extent of dissociation. Results 
for model compounds indicate that the proposed method is 
appropriate as reflected by the small differences in
calculated and theoretical molecular weights of model
compounds. Using similar equations modified for a mixture 
of two acids, molecular weights of 644 and 626 were obtained 
for soil and aquatic fulvic acid respctively. These results 
are additional evidence for the similarity of aquatic and 
soil fulvic acid.
For years several research groups have proposed that 
the free radical species in fulvic acid are semiguinone type 
molecules [8]. The free radical species were investigated 
in an attempt to determine their apparent concentration and 
also to ascertain the mechanism by which.they are formed in 
aguatic media. The initial experiments were concerned with 
the guantification of the free radical species using solid 
fulvic and humic acid samples. The results seen in Table 6. 
reveal that the free radical species appears to be similar 
in all cases. The concentration of the free radicals 
decreases in the following order: soil humic acid > aguatic
humic acid > soil fulvic acid > aguatic fulvic acid. This 
trend suggests that some of the original free radicals of 
aguatic humic material react with their surroundings and 
convert to an epr inactive form. The free radical signal 
observed using epr is asymmetric, suggesting the possibility 
of two overlapping free radical species with similar 
g-values (Fig. 2). It is apparent from decreases in free 
radical content going from humic to fulvic acid that as one 
proceeds further along the breakdown process free radical 
content becomes lower. This is due either to the. younger 
age of the humic acid compared to the fulvic acid, or to the 
protective environment of the free radical which would be 
more extensive in 50,000 molecular weight humic acid as
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Table 6.
Solid State Electron Spin Resonance Spectera 
of Aquatic and s o i l  



























1 The error in g-values is +0.0002
3388 3392
Figure 2 First derivative X-band spectrum of soil 
fulvic acid (aqueous)
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compared to 600 molecular weight fulvic acid. Regardless of 
the nature of the humic material it does appear that the 
free radical species are an integral part of the molecule 
and present in reasonably high concentration in the humic 
material examined.
Qualitative analysis of the free radical specie has 
been the subject of a great deal of discussion. A 
semiguinone molecule is commonly used to describe the free 
radicals. This hypothesis has developed despite the fact 
that the observed g-values of 2.003 to 2.004 differ 
substantially from those commonly associated with model 
semiguinone compounds (g = 2.0051 + 0.0007) [110], In an
attempt to determine if these previous assumptions were 
correct, epr studies were conducted on the free radical 
signal observed in agueous solutions of isolated soil and 
aguatic fulvic acid. The studies involved monitoring the 
change in free radical signal with an increase in pH. It 
was hoped that these experiments would lead to a definitive 
model which would accurately describe the eguilibria 
involving the free radical.
Results for both soil and aguatic fulvic acid 
investigations reveal that there is a drastic increase in 
the free radical signal upon the addition of NaOH (Fig. 3). 
Two distinct areas in the titration curve are observable. 
The first area involves the pH range between 2 and 8. In 
this range the free radical signal appears constant and pH 
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Figure 3 The relationship between spin concentration 
and pH for aqueous solutions of soil and 
aquatic fulvic acid
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a pH dependent free radical species which generates a more 
intense signal as pH increases. In a preliminary attempt to 
devise a model fitting the data, a phenol type molecule was 
chosen and given a pKa of 10 which is commonly associated
with phenol type compounds. Percent acid dissociation of
this model phenol as a function pH is illustrated in Fig. 4 
and is a close approximation to observed epr vs. pH data. 
It therefore appears that, as a first approximation, the 
pH-dependent free radical species involves a phenol type
moietes which undergoes proton dissociation yielding 
semiguinone molecules.
In order to further delineate the fulvic acid 
system, an analysis of pH vs. epr signal was carried out 
using methods proposed by Alberts and Sergeant [101], This 
method involves the use of a modified Henderson-Hasselbalch 
equation which utilizes spectrophotometric measurments of 
the acidic and basic forms of the species under
consideration. Generally one can express a typical acid 
dissociation (eqn. 16) in the form of the 
Henderson-Hasselbalch expression






where A and B refer to the acidic (HA) and basic (A-) forms 








Figure 4- Percent dissociation versus pH for 
ircdel diphenol
per molecule and pKa* is the average pKa for the diphenol. 
Closer examination of eqn. 40 reveals that it is in the
fora Y = b + mx. It therefore follows that a graphical 
approach should yield a value for pKa* and the stoichiometry 
(n) of the system. Two assumptions are made regarding 
substitution of spectrophotometric measurements for the 
concentrations of the acid and base forms, a) at the lowest 
pH only the acid form of the molecule exists; this is
measured by the intensity of the epr signal at low pH (IA). 
b) at the highest pH, the basic form of the molecule 
predominates. The concentration of the basic form of the 
molecule is reflected in the epr signal intensity (IB) at 
high pH. It therefore follows that at any intermediate pH 
the concentration of basic and acidic forms are-represented 
by (I-IA) and (IB-I) respectively. The graphical analysis 
(Fig. 5) yields an intercept of 10.1 and a slope of 1.8
which corresponds to an n-value of 0.56. The pKa value of
.10.1 represents an average of the two pKa values of the
hydroguincne molecule (9.85 and 11.4) [113],
A model can be devised which takes into account 
various pH dependent equilibria involved in fulvic acid. As 
a first approximation, the para-benzosemiguinone molecule 
can serve as a model compound for the fulvic acid free 
radical system. Mechanisms proposed for the free radical 
system, are shown in eqn. 41 and 42.
O Soil Fulvic Acid 
A Aquatic Fulvic Acid
-12
-4
Figure 5 The Henderson-Hasselbalch relationship for 
the spin concentration of soil and aquatic 
fulvic acids
The mechanism shovs that guinone (Q) and hydroguinone (H2 Q) 
molecules can interact to produce a semiguinone molecule 
(HQ.). These can undergo subseguent attack by additional
basO to produce an anionic free radical species. This
accounts for a greater concentration of free ^radicals at
higher pH values. A second process involving the free 
radical includes oxidation of semiguinone to guinone in the 
presence of a suitable oxidizing agent, in this case
atmospheric oxygen (egn. 43 and 44) .
h 2o
2 0 + '/2°o  2 1 j + 20H” <■*>
This oxidation process was verified by comparing the 
epr signal of two alkaline solutions of soil fulvic acid 
which were prepared using water saturated nitrogen and 
oxygen. Tests showed that the oxygenated solution underwent 
a 96% decrease in free radical signal (as determined by epr) 
when compared to the deoxygenated soil fulvic acid solution. 
The data has been explained in terms of the 
para-benzosemiguinone. It must be realized, however, that a
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wide variety of semiguincne and related compounds exist in 
fulvic acid; this fact can be used to explain why n r the 
number of liberated protonsr is not a whole number.
Using the model described in egn. 41 and 42 one can 
attribute the absence of substantial free radical signal 
below pH 5 to the lack of dissociation (0.001% at pH 5) of 
the diphenol at low pH. The presence of the free radical 
signal at low pH can be attributed to the presence of a 
pH-independent semiguinone-like species. These free 
radicals could have originated via bacterial or chemical 
attack on fulvic acid prior to or during isolation. The 
presence of stable pH-independent species is believed to be 
the source of the free radical signal in solid humic and 
fulvic acid samples analyzed previously. It would therefore 
appear that the free radical signal observed in fulvic acid 
solutions is composed of both a pH-dependent and independent 
semiguinone-like molecules each dominating at high and low 
pH respectively.
The signal produced by free radicals appearsas an 
unsymmetrical first derivative plot suggesting that perhaps 
two or more species are contributing to the total signal 
(Fig. 2). In an attempt to verify this assumption tests 
were carried out at liguid nitrogen temperatures. Two 
series of experiments were performed using E-4 and E-9 epr 
spectrcmetors. Initial experiments with the E-4 epr 
spectrometor using soil and Oyster River fulvic acid 
(1g/100ml) reveal the presence of at least two overlapping
free radical species with similar g-values (Fig. 6). 
analysis of the g-values was accomplished through the use of 
DPPH as a g-value marker (2.0037 + 0.0002).
Estimation of the field at half height was not 
possible for both species so an estimation of g-values using 
the field value at signal maxima A and B was employed for 
comparison. Results for soil fulvic acid reveal g-values of 
2.0092 and 2.0066 for the A and B free radical species, 
respectively. Analysis of the aguatic fulvic acid spectrum 
resulted in g-values of 2.0090 and 2.0066 for the A and B 
species, respectively. Additional analysis of species B was 
done to determine if g-values correlated to those found in 
previous solid state epr analyses. Direct analysis of the 
cross over point for the fulvic acid DPPH system was not 
possible. However, by examining frozen fulvic acid spectra 
run in the absence of DPPH it was determined that the field 
at half height was approximately 2.5 gauss more positive 
than at peak height B. Using this crude estimation g-values 
of 2.0051 and 2.0050 were determined for soil and Oyster 
River fulvic acid respectively. These values are very close 
to those listed for model semiguinone molecules such as 
ortho- or para-benzosemiquinone [110]. These g-values 
however differ substantially from those determined in our 
previous solid state epr analysis.
Additional experiments were conducted to explore the 
possibility that this observed difference in g-values for 





Figure 6 First derivative X-band spectrum of•
frozen (77°K) soil fulvic acid"solution
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method of analysis* Tests vere conducted on solid and 
frozen soil fulvic acid solutions at liquid nitrogen 
temperatures. The test revealed a g-value for the solid 
fulvic acid of 2.0039 which was essentially identical to 
that observed previously. Frozen soil fulvic acid solution, 
as indicated previously, yields a g-value of 2.0051. The 
difference in the observed g-values may be due to chemical 
or physical effects due to the addition of base or the 
liquid nitrogen temperatures.
The system proposed in eqn. 43 and 44 was subjected 
to additional tests to see if the redox properites 
associated with fulvic acid are related to the presence of 
free radicals. The investigation involved the use of 
electrochemical oxidation of an alkaline (pH 11) fulvic acid 
solution. The studies carried out under a nitrogen 
atmosphere revealed that at a potential of +0.20 volts (vs. 
5CE) the resulting oxidation led to a 19% decrease in the 
free radical signal. Subsequent electrolysis at 0.40 volts 
led to an additional 6% signal decrease. The potential 
applied in the electrochemical experiments (0.2 volts) 
correlates with that observed in earlier Eh-pH experiments 
performed in this lab. In the Eh-pH studies a potential of 
0.50 volts (vs. NHE) was recorded at a pH of zero 
(extrapolation) for the aquatic and soil fulvic acids. 
These potentials indicate that fulvic acid acts as a better 
reducing agent at higher pH.
Summary. Initial investigation into the free radical
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nature of fulvic acid produced unsymmetrical epr signals. 
Subsequent trials using liquid nitrogen temperatures 
revealed the presence of two free radical species. The 
g-values for the solid fulvic acid samples analyzed at 
liquid nitrogen temperatures vere similar to that recorded 
previously (2.0038). Aqueous solutions, however, produced 
g-values (2.0051) which were close to model semiquinones but 
differed substantially from previous results. This infers 
that free radical species are in a different environment due 
either to chemical (pH) or physical effects.
It has been proposed that free radical species are 
involved in redox reactions associated with fulvic acid. 
Investigations have demonstrated that mercuric ion in the 
presence of fulvic acid undergoes a conversion to metallic 
mercury with a simultaneous loss in free radical signal 
intensity [45]. Studies in this lab also demonstrated that 
the free adical specie can be oxidized electrochemically at 
a potential of 0.2 V vs. SCE. This indicates that fulvic 
acid may be involved in a redox reaction. Attempts to 
verify this have been conducted using transition metal 
systems of known redox values.
Vanadium Fulvic Acid Interactions
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The known association of vanadium [46,47] with
fulvic acid is interesting in light of the anionic form of 
vanadium in its highest and most common oxdiation state in 
the environment. Investigators have postulated that a redox 
mechanism is involved in an initial reduction of vanadate 
(VO(OH) -) to vanadyl (V0+2) [46,47]. Examination of
this redox mechanism of vanadium reveals that the conversion 
of vanadate to vanadyl is quite favorable with a half cell 
potential of 1.0 volts (eqn. 45) [48].
The redox mechanism is seen to be pH-dependent and an 
examination of the associated Nernst equation reveals that a 
lower pH means a more positive redox potential for the half 
cell.
V0(0H)^ + 4H+ V02+ + 4H20 (45)





This decrease in half cell potential (0.237 volts per unit 
pH increase) underlies the importance of pH in the reduction 
of vanadate to vanadyl.
Due to the importance of pH, tvo studies were 
conducted to see if pH played a major role in the reduction 
of vanadate to vanadyl by fulvic acid. Both studies 
proceeded under conditions providing a 10 to 1 fulvic acid 
to vanadate ratio. Excess fulvic acid was believed to 
supply sufficient sites to the vanadyl once reduction was 
complete, to study the chelation process. In addition, 
excess fulvic acid was thought to represent the conditions 
commonly encountered in the environment [8].
Initial studies on low pH solutions, were 
accomplished by mixing appropriate amounts of soil fulvic 
acid and vanadate to ensure a 10 to 1 ratio. The pH was 
recorded without adjustment and generally ranged between 2.0 
and 2.15. All epr analyses involving vanadyl were done 
using the -3/2 peak due to its size and ease of measurement. 
Spectra were recorded at specfic time intervals after mixing 
in order to ascertain the speed of reaction. Trials over 
four hour periods demonstrated that approximately 50 +5% of 
the vanadate was converted to vanadyl. One can also observe 
in Fig. 7 that conversion is essentially completed within 
0.5 hours after mixing. This 50% conversion of vanadate 
corresponds to a reduction equivalent of 8.0 x 10~2 meg of 
vanadate per gram of fulvic acid at pH 2 (Appendix I). 

















Figure 7 Time versus percent Vanadyl production 
for soil -fulvic acid-Vanadate reaction
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low pH, and a large falvic acid to vanadate ratio, a
substantial amount o£ vanadate would be converted to
vanadyl* Vanadyl, in turn, could exist in either conplexed 
or free aquo form. Discussion relating to the form of
available vanadyl species will be presented later.
The pH 2 study was extended to see if the reduction 
of the vanadate affects the concentration of the free
radical species previously discussed. The reduction of
vanadate to vanadyl must be accompanied by the oxidation of 
the fulvic acid. Previous studies have demonstrated that
free radical species can be oxidized using electrochemical 
methods [109]. The half cell reaction for the oxidation of 
the free radical molecule is.
o
+ e~ + H + (47)
The total amount of semiquinone available at any pH is a 
combination of pH-dependent . and pH-independent fractions. 
It was believed, based on investigations carried out by 
other groups [45], that there would be a reduction of the 
metal ion resulting in a decrease in the free radical signal 
over the reaction period. Two tests were conducted to 
determine if this reduction was taking place in our metal 
fulvic acid systems.
The first study involved examination of the free
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radical-producing signal before and after the vanadate 
reduction. The analysis of the free radical signal is
complicated by the fact that guantitative comparison of the
signal is best accomplished at moderately high pH (8-12). 
This necessitates the use of anaerobic conditions due to
oxidation of the free radical at high pH by oxygen. 
Additional complications included overlap of the vanadyl and 
free radical signals. This problem was averted through the 
use of low micro«ave power levels and modulation amplitudes 
of 1.0 gauss which effectively remove the interference from 
the vanadyl ion. Once both problems had been averted, 
— analysis of the free radical signal could be easily 
accomplished.
Based on previous investigations, it has been 
determined that the free radical signals are best compared 
at power levels of 5mW and modulation amplitudes (M.A.) of 
1.0G. The normalized peak height for soil fulvic acid
alone was 3.98 x 10~2 blocks and that for soil 
fulvic-vanadate was 3.65 x 10~2 blocks. These results 
show that the organic free radical was not affected, i.e. 
not oxidized, during reduction of vanadate to vanadyl.
Any possibility of undetected changes in free 
radical signal is ruled out, based on information obtained
•1 1
from previous epr studies dealing with the free radical 
concentration in fulvic acid. As pointed out in egn. HI 
the semiguinone free radical is involved in a one electron 
redox reaction with the guinone species. The epr data
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demonstrated that the free radical species is present in a 
concentration of 3.5 x 10+17 molecules per gram of 
solid soil fulvic acid. This converts to 3.75 x 10-+ 
moles of semiguinone molecules per mole of solid fulvic acid 
assuming a molecular weight of 644. The
fulvic acid-vanadate solution (10/1) has 10.35 x 10~2 and
1.03 x 10-2 mmoles of respective reactants. Utilizing 
egn. 45, there is one mole of electrons per mole of 
vanadate present* The number of moles of electrons 
available in the reduction of vanadate to vanadyl is (eqn. 
48)
(1 mole electrons) n„-5 n
— -------- -— ------x (1.028x10 moles VO(OH),.
(mole V0(0H)r 4
1.028x10"^ moles of electrons (48)
The number of moles of electrons for the semiguinone-guinone 
half reaction is.
(1 mole electrons) x (3.75xlO~Voles SQ‘) x 10.35xl0-5 moles SFA = 
(mole SQ') (mole SFA)
3.88x10"^ moles of electrons (49)
The calculation reveals that there is a 250-fold excess of 
electrons from the vanadate-vanadyl equilibria in comparison 
to the fulvic acid reaction. It is apparent therefore, that 
if the semiguinone species was involved in the redox
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reaction there would be sufficient vanadate to register a 
significant if not total elimination of the semiguinone 
species.
The lack of reduction in the free radical signal can 
be expained by three theories, a) a steady state system 
exists which has a semiguinone molecule as an intermediate 
specie. In this theory the semiguinone is continually 
produced during the redox process, b) there is a species 
present in the fulvic acid molecule which is preferentially 
oxidized over the semiguinone molecule. This could be 
ortho- or para-hydroquinones which would be oxidized 
directly to their appropriate guinones without proceeding 
via the semiguinone intermediate, c) since the free radical 
species is not involved in the reaction it may represent an 
extremely stable species, or be physically shielded from 
interaction with vanadate. The lack of free radical 
involvement in reduction of vanadate is contrary to theories 
proposed by other investigators concerning reduction of 
mercuric ion in the presence of fulvic acid [45]. In the 
mercuric ion studies, conducted at pH 8, a significant loss 
in free radical signal was observed during the experiment. 
This correlated with an increase in elemental mercury 
concentration of the solution as determined by atomic 
absorption spectroscopy. The decline in the free radical 
signal could result from incomplete deoxygenation of the 
humic acid solution. The ability of the semiguinone to 
oxidize to the corresponding guinone has already been
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proposed [8].
A second set of experiments used to examine 
interactions between vanadate reduction and free radical 
signal involved a power saturation study. Interaction 
between a metal ion and a free radical specie should result 
in a different power saturation pattern [49] than for the 
free radical alone; specefically, greater power levels are 
necessary before power saturation is achieved. This is due 
to the metal ion interacting with the free radical which 
facilitates a relaxation process of the lone electron [110].
The power saturation study was carried out at pH 11 
to obtain sufficiently intense epr signals. At this pH the 
predominating vanandium(IV) species is the vanadite ion 
(VOj^  -♦) which was determined after examination of the 
spectra and calculation of the A values. The power 
saturation experiments for soil fulvic acid alone and soil 
fulvic acid-vanadate solutions revealed a similar pattern 
indicating that vanadium is not involved in the relaxation 
mechanism of the soil fulvic acid free radical (Fig. 8). 
The absence of any interaction through chelation is expected 
based on the anionic charge of the vanadite ion, which would 
hinder chelation with the soil fulvic acid. In addition, 
due to the high equilibrium constant for the vanadite 
specie, any vanadyl previously chelated by fulvic acid would 
be removed. Based on our investigations it appears that at 
low pH approximately 50St of vanadate is reduced to vanadyl. 
This reduction utilizing fulvic acid involves a more easily
102
- Soil Fulvic Acid 




Figure 8 Fewer saturation study for soil fulvic acid 
and soil fulvic acid-vanadate systems
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oxidizable moiete than the signal producing free radical. 
The effect of pH and chelation can be further studied by 
examination of the reduction potential performed at pH 6.
pH 6 Redox Studies
Redox equilibrium studies were conducted at pH 6 in 
order to test the effect of pH on the redox mechanism and to 
examine the chelation process at the pH of natural waters. 
Due to the oxidation of vanadyl to vanadate in the presence 
of air at pH 4-7 the investigations were done using standard 
septum techniques. A standard soil fulvic acid solution 
(1.035 x 10-3 fl, 6.6 g/1) was deoxygenated with water
saturated nitrogen after the solution had been adjusted to 
pH 6 with 5M NaOH. Following 20 minutes of deoxygenation an 
aliquot of vanadate solution was injected into the fulvic 
acid solution and the solution again deoxygenated to get rid 
of any traces of oxygen transferred during the addition 
process. The 10/1 solution was then sampled at fixed time 
intervals for 735 minutes. Results obtained using the -3/2 
peak (epr) indicated that 5% of the vanadate had been 
converted to vanadyl at the end of the measurement interval. 
The reaction appears to proceed at a slower rate than that 
seen in the pH 2 experiments. At the 15 minute interval 
only 3.6 % of the vanadate had been converted to the vanadyl
species. In addition to the substantial difference in the 
extent of vanadate reduction there also appeared to be a 
difference in the vanadyl spectra at pH 6 and 2 (Fig. 9). 
The principal difference was the disappearance of the 
doublet peaks at the 7/2 and 5/2 peaks. This difference in 
the nature of the epr signal could be explained by a 
chelation process in which chelation sites became available 
to the vanadyl species through the ionization of carboxylic 
or phenolic protons. In order to ascertain the significance 
of the chelation process and to determine if all the vanadyl 
was being detected a pH versus epr signal study was 
initiated.
Based on results observed by Francevilla and Chasteen 
[50], concern was expressed that the vanadyl species was
being converted to the diamagnetic (VOOH)+z species. If
2
similar results were observed in this study the percentage 
of vanadate converted at pH 6 would be underestimated. In 
an attempt to determine if the vanadyl was being converted 
to the diamagnetic species two studies were carried out 
examining the pH versus vanadyl signal intensity. Stock 
solutions of fulvic acid (1.081 x 10~z M, 0.697 g/1) and
vanadyl sulfate (3.4 x 10-2 M) were used. In both tests a 
10 to 1 fulvic acid to metal ratio was used and solutions 
were adjusted with deoxygenated 5M NaOH or 1M sulfuric acid. 
All solutions were allowed to stabilize anerobically for 20 
minutes prior to analysis. In the first set of experiments 
the solutions were adjusted with base to pH values of 2.01,
4.15, 6.10 The resulting spectra are shovn in Fig. 9. The
spectra show a gradual change from a two species to a one 
specie system. In addition, a sizable difference in the 
peak to peak distance was observed indicating that the loss 
of signal intensity is probably due to the formation of the 
diamagnetic (VOOH)2 +2 specie.
The possibility of signal loss due to air oxidation 
was tested by performing a similar experiment with the pH of 
the system lowered from an initial value of 9.5 to 2.0 with 
1H sulfuric acid. The fact that the vanadyl signal at pH 2 
in the second series of tests was identical, omitting
dilution, effects, to that seen in the first set of tests (pH 
2 adjusted to 6) indicates that the deoxygenation techniques 
were appropriate and did not result in any significant loss 
of vanadyl to air oxidation. The elimination of air
oxidation as a cause for the decrease in epr signal going 
from 2 to 6 indicates that the drop in the vanadyl signal 
must be due to the formation of the epr inactive specie. A 
comparison of signal intensity vs. pH supports this
assumption Fig. 10. This decrease in signal intensity 
versus pH mimics that seen for aguo vanadyl systems. This 
decrease in the epr signal at pH 6 testifies to the presence 
of the diamagnetic specie and has interesting implications 
in the redox work carried out at pH 6.
The initial experiments at pH 6 indicate that only 5* of 
the vanadate was converted to vanadyl. This was based on 
the measurement of the -3/2 peak. The pH vs. signal studies
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Figure 9. Vanadyl-fulvic acid epr spectrum pH 2 solution L/M 10/1 .
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Figure 10 Relative signal intensity versus pH
demonstrating the disappearance of the 
VOC^COi^ specie with increasing pH
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indicate, however, that this 5% underestimates the amount of 
conversion that actually takes place. One could correct the 
pH 6 results for the loss of signal intensity due to the 
formation of the epr inactive specie using a correction 
factor. The correction factor could be determined by 
comparing the epr signal at pH 2 and 6 in the pH vs. signal 
tests. This rough approximation yields a correction factor 
of 7 which, when applied to the pH 6 tests, corrects the 
value of 5* to 35%. This 35% reduction of the vanadate to 
vanadyl corresponds to a reduction equivalent of 
4.9 x 10~2 meg of vanadate per gram of soil fulvic 
acid. It appears that even at pH 6 a significant amount of 
vanadate is being converted to vanadyl in the presence of 
fulvic acid. The vanadyl species produced during this 
reaction at pH 6 exists primarily as the epr inactive 
specie. There is however, a small portion of the vanadyl 
species (14% of total vanadyl) which does exist as the 
vanadyl-fulvic acid complex. Information regarding the 
nature of this species can be obtained through analysis of 
the epr spectra.
Qualitative Analysis of Vanadyl Fulvic Acid Complex
The ability of fulvic acid to chelate a number of 
transition metals is well docuuentated. A number of
111
investigators have indicated £8,51] that the active site in 
fulvic acid involved in this chelation is phthalic and/or 
salicylic acid functional groups. The choice of salicylic 
and phthalic acid chelating sites was based on the known 
existence of carboxylic sites [51] and chelation studies 
involving methylated fulvic acid samples £51]. Additional 
support for the presence of carboxylic sites has come from 
infrared analysis of fulvic acid metal complexes which 
indicate the loss of carboxylic protons upon chelation with 
a metal ion [64]. Both studies support the contention that 
carboxylic acids are involved in chelation, but definite 
proof as to the nature of the chelation site is still 
lacking.
A number of investigators dealing with biological 
systems have used epr to study the binding sites of various 
biologically important transition metals £49], The ability 
of epr to assist in determining the nature of binding sites 
has not been utilized in fulvic acid studies. Only one 
recent study has used epr in connection with chelation 
involving fulvic acid [55]. In this study it was determined 
that the vanadyl cation is bound to the fulvic acid molecule 
in an environment approximating axial symmetry [55]. In an 
attempt to identify the active site in fulvic acid, the 
spectra obtained in my vanadate reduction studies were 
analyzed in regards to the possible chelation site of fulvic 
acid.
Information regarding the possible binding site of
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fulvic acid was obtained through calculations involving the 
peak to peak separation of matched (+n/2) vanadyl peaks. 
This information yields splitting parameters commonly 
referred to as a values which are the hyperfine splitting 
constants for the complex. Information is presently 
available on vanadyl complexes which may represent those 
found in fulvic acid [60]. As demonstrated in Fig. 9 the 
pH of the fulvic acid-vanadate system has a dramatic effect 
on the nature of the vanadyl species in solution. It is 
readily apparent that in low pH solutions at least two 
species exist in equilibrium. As the pH increases to 6, 
there is a dominance of one species over the other. The A 
values for the pH range examined are seen in Table 7. and 
indicate that vanadyl undergoes two stages in its 
complexation with fulvic acid. The first occurs at pH 2 
where there are two vanadyl species present, one complexed 
(A = 109.2 ) and the other existing as the aquo species (A = 
115.5). The second stage in the complexation occurs when 
the pH is increased to 4 at which time the vanadyl species 
exists primarily in a complexed form. These two stages can 
be explained through the effect of pH on the chelation 
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The chelation mechanism for salicylic and phthalic acid type 
ligands are presented eqn. 50 and 51, and they show the 
liberation of two protons upon chelation. Based on eqn. 50 
and 51, the lower the pH of the solution the more the 
equilibrium should be shifted to the left, resulting in free 
aquo vanadyl. This would be the expected case in the pH 2 
solution. Raising the pH to 4 would facilitate the 
chelation process through the ionization of the remaining 
functional groups. The a value of 109.2 observed at both pH 
4 and 6 indicates that the binding site could involve a 
combination of salicylic or phthalic acid ligands. 
Calculations involving literature A values [60] reveal that 
the observed A value of 109 corresponds to vanadyl salicylic 
acid-aquo (1:1:3) complexes or vanadyl phthalic acid-aquo 
complexes (1:2:1). These results correlate closely to 
unpublished results obtained by Chasteen et. air 1141. These 
preliminary results support the general contention that 
either salicylic or phthalic sites or both are involved in 
the chelation of cationic species by fulvic acid. Hore 
detailed studies in the future involving computor simulated 
spectra are expected to provide more definitive information 
as to the nature of the fulvic acid binding site.
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Hedox Measurements of Vadadyl-Fulvic Acid System
Experiments were conducted to determine the standard 
half cell potential for the fulvic acid system. The 
analysis was based on information obtained in 
vanadate-fulvic acid epr studies and tests carried out using 
a platinum redox electrode. Experiments conducted at pH 2
involved measuring the redox potential of a fulvic acid 
solution prior to and after the addition of a known amount 
of stock vanadate solution. As demonstrated previously the 
available vanadate ion undergoes a 5056 reduction to the 
vanadyl species. The half cell reaction for this reduction 
is seen in eqn. 52, with the water of hydration neglected 
for simplicity.
VO* + 2H+ + e“ - = 5  V02+ + H20 (52)
The potential for this half cell reaction is 1.0V
vs. NHE [48]. Analysis of the starting fulvic acid 
solution revealed an initial potential of 0.52v vs. NHE, 
assuming a value of 0.2424 v for the SCE electrode 28 °C. 
The half cell equation for this system can be described in 
general terms by (eqn. 53) [109].
FA(ox) + ne“ + mH+ **— -y Fa(red) (53)
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ifhere n and m represent the moles of electrons and hydrogen 
ions involved in the reaction. In the simplest case 
considered here, the value of n and m will assumed to be oner -r —
and two respectively.
The fulvic acid and vanadate solutions were mixed 
(10/1 molar ratio) and allowed to equilibrate 20 minutes 
prior to redox measurements. This was sufficient time based 
on previous tests dealing with the quantitative conversion 
of vanadate by fulvic acid. & potential of 0.57 V vs. NHE 
was recorded after the equilibrium period. It was also 
determined through analysis of the resulting epr. spectrum 
that the vanadate had undergone a 50% reduction to the 
vanadyl species. The redox system representing this mixture 
can be described by (eqn. 54)
70~ + FA(red) =*-- w V0+2 + FA(ox) + Ho0 (54)
2 1
which is a combination of eqn. 52 and 53 The associated 
Nernst equation is (eqn. 55).
„ . „ _  0.059. [V0+2] 0.059. [FA(ox)] ,rrX
E = 1.0 - E° M  - —   log --   log--------------(55)
(r-^ } 1 ' [V0+] CFA(red)]
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The equation can be simplified based on the 50% conversion 
value.
+0.57 = 1.0 - E° . . - 0,059 log tFA(ox^
(FA) 1 [FA (red)] (56)
Rearrangement of the equation yields.
+0.43 - log [FA(°x)JL = E° (57)
1 [FA(red)] (FA)
Assuming values of the [OX]/ [Red] ratio between 0.1 and 10, 
upper and lower limits of the redox potential could be 
estimated for fulvic acid. This results in a standard 
reduction potential of +0.43 + 0.06v which is in general
agreement with that observed in the Eh-pH studies [109]. 
This is an important deviation from those results obtained 
by Szilagyi et al. on humic matter, where a potential of 
+0.7V was reported [46]. This lowering of the reduction
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potential for fulvic acid is important in that there are 
additional metal species which can undergo a reduction in 
the presence of fulvic acid (ex. U0+2, Cu+l).
Molybdenum-Fulvic Acid Interactions
Investigations on molybdenum-fulvic acid systems 
mimicked those performed with vanadium. The goal was to 
observe if molybdenum would undergo a similar reduction in 
the presence of fulvic acid. This conversion of molybdenum 
from its (VI) to (V) oxidation state is important in light 
of the many biological processes that require molybdenum 
[49]. Molybdenum is often associated with humic matter in 
forest soils [56]. Eochev has found that this association 
accounts for between 35 and 471? of the total molybdenum 
found in grey forest soils [56]. Molybdenum is also 
involved in many biological processes such as nitrate 
reduction, nitrogen fixation etc. [57], Little information 
is available regarding the transportation of molybdenum in 
the environment. Studies into the interaction between 
fulvic acid and molybdenum may lead to a better 
understanding of the process involving molybdenum 
transportation in the environment.
Investigation into the chemistry of molybdenum indicates 
that it exists in its highest nd most stable oxidation state
119
as the anionic Ho(VI) complex MoOi|-a[57]. It is generally 
believed that molybdenum is transported through the 
environment in this anionic £orm. This conclusion is based 
on tests involving the sulfate anion and the molybdenum 
complex MoOi|~i which showed that the sulfate would actively 
block the uptake of molybdenum by plants. Based on this 
information and the anionic type binding site of fulvic acid 
it is unlikely that anionic molybdenum species will bind 
directly with the fulvic acid.
The known association between fulvic acid and 
molybdenum can be explained by the reduction of a 
molybdenum (VI) species to a molybdenum(V) species (eqn. 
58) .
- 2  + +
MoO^ + 4H + e Mo02 + 2H20 (58)
The redox reaction described in eqn. 58 has been 
investigated and found to have a standard reduction 
potential of +0.h5 volts vs NHE [48], If the reaction 
proceeded, as in the case of vanadium, then one would expect 
that molybdenum(V) should be produced and it would then 
complex with the available fulvic acid. The analysis of the 
molybdenum(V) species should theoretically be possible by 
epr, due to the unpaired electron of the molybdenum(V)
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specie. The determination of molybdenum by epr is possible 
through the techniques proposed by Chasteen, Hanson, and 
Szabo [58]. Their analysis involves the formation of the 
red paramagnetic thiocyanide complex in nonagueous solvents.
Preliminary experiments into the reduction of 
molybdenum(VI) to molybdenum(V) in the presence of fulvic 
acid revealed that an unspecified amount of molybdenum(VI) 
was reduced to molybdenum(V) by the fulvic acid. This was 
apparent from the appearance of the dark red nonagueous 
phase which is characteristic of the molybdenum(V) 
thiocyanate complex [58]. Quantitative determination of the 
conversion was hindered by the presence of fulvic acid in 
the nonagueous phase. It was pointed out by Truitt [59] 
that fulvic acid can be extracted into nonagueous solvents 
at low pH due to the formation of a molecular fulvic acid 
species at pH values below 2 (eqn. 16). The simultaneous 
extraction necessitated the use of excess organic solvent to 
ensure sufficient removal of molybdenum. The extraction 
process was studied in regard to contact time between the 
aqueous and nonagueous phases. It was determined that 
additional reduction did occur while the nonagueous phase 
was in contact with the acidified aqueous layer. Eased on 
these results, 2 ml of the organic layer was removed from 
the two phase system and allowed to reach equilibrium prior 
to analysis. Additional time effects were examined relating 
to the time after extraction and prior to analysis Fig. 11. 
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Figure 11 Tine dependence of the epr signal of ffoCSCNJg in 
iscamyl alcohol from fulvic acid solution
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the signal remained virtually constant between one and two 
hours after mixing. This was followed by a gradual increase 
in the signal intensity up to 4 hours after extraction, 
whereupon the signal intensity remained constant. The 
difference in signal intensity between the one and two hour 
interval amounted to 3X. Based on experimental 
considerations the 1-2 hour interval was chosen as the time 
between mixing and analysis. In all experiments the time 
was carefully monitored and the interval between mixing and 
analysis was 6 7 + 3  minutes. Using these time intervals a 
linear calibration curve was obtained over the expected 
concentration range using prepared standards.
Two series of tests were performed on the molybdenum 
fulvic acid system. Results from the two tests revealed 
that the conversion was essentially identical (pH 2 - 9.5X; 
pH 6 - 10.S%). This similarity in the percent reduction can 
be explained through an examination of the extraction 
procedure. Prior to the addition of 10 ml of isoamyl 
alcohol, 1 ml of 16 M HCl is added to the agueous solution. 
The addition of isoamyl alcohol occurs within 20 seconds and 
the solution is shaken for 30 seconds. The drop in pH 
associated with the addition of concentrated HCl may be of 
sufficient duration to dictate how much molybdenum is 
reduced regardless of the initial pH of the agueous 
solution. Extraction attempts without the addition of the 
concentrated HCl produced no color in the nonagueous phase. 
Based on these results it was determined that the addition
123
of the concentrated HCl was a necessary step in the 
extraction procedure; and, in addition, appeared to control 
the extent of reduction irrespective of the solution's
starting pH. The redction of Mo(VI) to (V) (10%) is
significantly less than that observed for vanadium. This is 
expected in view of the differences in standard half cell 
potentials of the two couples. Information obtained in the 
Eh-pH analysis indicates that the soil fulvic acid has a 
half cell potential of approximately •*■<). 50V vs. NHE.
Literature values for the half cell potential of 
molybdenum(VI)/(V) couple range between 0.4V and 0.48V vs. 
NHE [48]. If reduction potentials of +0.50V and +0.4V are 
used for the fulvic and molybdenum half cells then the 
reduction of the molybdenum should proceed only slightly, if 
at all. This coincides with the observed 10% reduction and 
offers further proof as to the redox potential for the 
fulvic acid half cell. The studies involving both 
molybdenum and vanadium support the previously proposed 
hypothesis that fulvic acid can interact with anionic metal 
complexes through an initial reduction followed by rapid 
complexation. The ability of fulvic acid to partake in both 
redox and complexation reactions points out the significant 
role that fulvic acid can play in a number of 
environmentally important reactions.
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[vanadate] = 1.078 x 10~2
[SEA] = 1.035 x 10-2
(1ml)(1.078 x 10-2) = 1,078 
(10ml)(1.035 x 10-2) = 1.035
epr analysis shows ( VO+2 ] = 5.
(11ml)(5.1 x 10—♦) = 5.61 x
(5.61 x 10-3 mmolesl (100) =
Tl»078 x 1 0 - 2  nmoles)
(5.61 x IQ-3 mmoles VO**) = 8 
(1.035 x 10— 2)(6 4 4 j
: 1 0 - 2  nmoles 
: 10-4 mmoles
I x 10-*
0-3 mmoles
52% conversion
x 10-smeg/gFA
